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Abstract
Bio-inspired macrostructure array (MAA, size: submillimeter to millimeter scale) materials
with special wettability (MAAMs-SW) have attracted significant research attention due to their
outstanding performance in many applications, including oil repellency, liquid/droplet
manipulation, anti-icing, heat transfer, water collection, and oil–water separation. In this review,
we focus on recent developments in the theory, design, fabrication, and application of
bio-inspired MAAMs-SW. We first review the history of the basic theory of special wettability
and discuss representative structures and corresponding functions of some biological surfaces,
thus setting the stage for the design and fabrication of bio-inspired MAAMs-SW. We then
summarize the fabrication methods of special wetting MAAs in terms of three categories:
additive manufacturing, subtractive manufacturing, and formative manufacturing, as well as
their diverse functional applications, providing insights into the development of these
MAAMs-SW. Finally, the challenges and directions of future research on bio-inspired
MAAMs-SW are briefly addressed. Worldwide efforts, progress, and breakthroughs from
surface engineering to functional applications elaborated herein will promote the practical
application of bio-inspired MAAMs-SW.

∗
Authors to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

© 2023 The Author(s). Published by IOP Publishing Ltd on behalf of the IMMT
2631-7990/24/012008+49$33.00 1

https://doi.org/10.1088/2631-7990/ad0471
https://orcid.org/0000-0003-0675-7947
https://orcid.org/0000-0003-2282-4548
https://orcid.org/0000-0002-5373-4564
https://orcid.org/0000-0003-0756-512X
mailto:lianzhongxu@cust.edu.cn
mailto:yuhd@jlu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/2631-7990/ad0471&domain=pdf&date_stamp=2023-11-10
https://creativecommons.org/licenses/by/4.0/


Int. J. Extrem. Manuf. 6 (2024) 012008 Topical Review

Keywords: macrostructure arrays, superhydrophobic, 3D printing, laser, droplet manipulation

1. Introduction

Natural and artificial objects exist across different scales,
encompassing macroscope, microscope, and nanoscale
dimensions (figure 1) [1–9]. Depending on their sizes, the
structures of solid surfaces can be divided into these three
scales, specifically, macrostructures, microstructures, and
nanostructures. Recently, biological structures have served
as inspiration for designing artificial structures with spe-
cific characteristics [10–16]. Inspired by lotus leaves, cicada
wings, mosquito compound eyes, butterflywings, water strider
legs, fish scales, shark skin, red rose petals, and gecko feet
[17–30], wettable surfaces with micro/nanostructure arrays
(size: 1 nm–100 µm) have drawn significant attention from
researchers. Numerous research results have been reported on
methods for fabricating wettability surfaces with micro/n-
anostructure arrays [31–38]. Due to their structural char-
acteristics, these surfaces demonstrate excellent perform-
ance across various domains, including superwettability
[10, 37, 39–41], anti-reflection [42, 43], anti-fogging [44,
45], anti-icing [46–49], heat transfer [50, 51], liquid/droplet/
bubble manipulation [16, 52–55], anti-fouling [56, 57], drag
reduction [58], oil–water separation [59, 60], fog collection
[61–63], anti-bacterial properties [64, 65], and blood
repellency [66].

In addition to micro/nanostructure arrays, many biolo-
gical surfaces contain macrostructure arrays (MAAs), span-
ning from 100µm to a fewmillimeters (submillimeter andmil-
limeter scales). Examples include rice leaves, Salvinia leaves,
desert beetle elytra, cacti, pine needles, and Araucaria leaves
[26, 67–71]. Inspired by macrostructures and micro/nano-
structures found in nature [72–75], researchers have developed
numerous macrostructure array materials with special wet-
tability (MAAMs-SW) [76–85] and revealed that these sur-
faces can achieve comparable performance to micro/nano-
structure arrays in various fields, such as oil repellency
[79, 80], liquid/droplet manipulation [16, 86], anti-icing
[87, 88], heat transfer [89], water collection [90, 91], oil–water
separation [92, 93], drag reduction [94, 95], air retention under
water [96], smart wettability [97], and mechanical stability
[98]. MAAMs-SW exhibit superior performance across vari-
ous fields. For example, macro groove arrays inspired by
rice leaves display distinct anisotropic characteristics, confer-
ring unique advantages for droplet manipulation [86]. Convex
millimeter-sized surface structures can promote condensa-
tion, resulting in an improved water collection performance
[90]. In anti-icing applications, superhydrophobic surfaces
with macro post or stripe arrays can greatly reduce the con-
tact time between the droplets and the surface, preventing
droplets from freezing before detaching from the surface [99,
100]. In oil–water separation processes, traditional micro-
porous or nanoporous meshes/membranes with special wet-
tability will be prone to blockage when separating a high-
viscosity oil and water mixture. However, cactus-inspired

macro needle arrays can avoid this problem [92]. In terms
of mechanical stability, an MAA consisting of an intercon-
nected frame acting as ‘armor’ can provide protection against
the deterioration of water repellency for fragile superhydro-
phobic nanostructures/coatings [98]. Notably, many studies
describe structures with sizes of 100–1000 µm as microstruc-
tures. In the present review, we classify these structures as
macrostructures. Despite demonstrating superior performance
in many fields, the development of bio-inspired MAAMs-SW
still faces challenges. Specifically, these MAAMs-SW cannot
be fully utilized in practical applications due to possible limita-
tions, such as a lack of ideal design and optimization, industrial
fabrication strategies, and mechanical durability. Therefore, it
is imperative to provide guidance for researchers, learn from
nature, and even surpass nature to design ideal MAAMs-SW,
as well as develop efficient and green methods for scalable and
large-area fabrication.

Many studies on bio-inspired MAAMs-SW have been pub-
lished. However, systematic reviews regarding bio-inspired
MAAMs-SW have been rarely reported. In this review, we
have compiled and classified current research findings to
comprehensively cover the recent research in the theory,
design, fabrication, and application of bio-inspired MAAMs-
SW (figure 2). We first briefly discuss the fundamentals
of special wettability, and then review natural biological
surfaces with representative structures, providing a frame-
work for guiding the design of bio-inspired MAAMs-SW.
Next, we summarize three fabrication approaches for special
wetting MAAs, namely, (1) additive manufacturing (three-
dimensional (3D) printing), (2) subtractive manufacturing
(laser etching, wire electrical discharge machining, micro-
mechanical cutting machining, and electrochemical machin-
ing), and (3) formative manufacturing (template and imprint-
ing methods), and compare the main advantages and limit-
ations of each strategy. We then demonstrate the potential
applications of MAAMs-SW, and finally, we discuss the chal-
lenges and directions for the future design of MAAMs-SW.
We intend to provide researchers with a broader and deeper
understanding by outlining these advances and providing our
perspectives to pave the way for the practical application of
bio-inspired MAAMs-SW.

2. Theoretical basis

Surface wettability refers to the ability of a liquid to spread
on a solid surface, representing an important surface attrib-
ute. Distinct wettability characteristics formwhen surfaces are
endowed with special structures or chemical compositions.
The fundamental principles of wettability offer insights into
elucidating the underlying mechanism responsible for spe-
cial wettability. Therefore, in this section, we introduce typ-
ical wetting theories (including the Young’s equation, Wenzel
model, Cassie–Baxter model, and Re-entrant model) and basic
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Figure 1. Object scales. DNA, ant, and bull sculpture: Reproduced from [1, 4, 7], with permission from Springer Nature. Red blood cells
and steel gear wheel: Reproduced from [2, 9], with permission from Springer Nature. Human hair and carbon nanotube: Reproduced from
[3, 5]. CC BY 4.0. Reproduced from [6, 8]. The Author(s). CC BY 4.0.

theories of special wetting behaviors (including surface energy
gradients and Laplace pressure differences).

2.1. Typical wetting theories

2.1.1. Young’s equation and contact angle. In 1805, Young
[101] proposed the wetting theory of droplets on smooth solid
surfaces. For an ideal smooth solid surface, a solid–liquid–gas
three-phase system will form when a droplet comes into con-
tact with the surface (figure 3(a)). In a three-phase system in
equilibrium, Young’s equation can be obtained by balancing
the surface tensions in the horizontal direction:

γsg = γsl + γgl × cosθY, (1)

where γsg, γsl, and γgl represent the surface tensions of the
solid–gas, solid–liquid, and gas–liquid interfaces, and θY is the
intrinsic contact angle of the solid surface. The intrinsic con-
tact angle θY can be expressed by:

cosθY =
γsg − γsl
γgl

. (2)

Young’s equation suggests that the contact angle θY
depends on the surface tension. For the contact angle θY of
a water droplet, the boundary between hydrophilic and hydro-
phobic is 90◦. A surface can be classified as hydrophilic when
θY < 90◦ and hydrophobic when θY > 90◦. Currently, a max-
imum contact angle of water droplets on a smooth surface

is approximately 130◦ [102]. Notably, with a contact angle
of less than 10◦, the surface is considered superhydrophilic,
and with a contact angle of greater than 150◦, the surface is
considered superhydrophobic [12]. Comparable terms can be
applied to oils, with corresponding terms of superoleophilic,
oleophilic, oleophobic, and superoleophobic [103].

2.1.2. Wenzel model. Although Young proposed the contact
angle theory for smooth surfaces, actual solid surfaces are not
ideal smooth surfaces and instead possess varying degrees of
roughness. Consequently, in 1936, Wenzel [104] introduced
the geometric parameters of roughness into the analysis of the
surface wettability. Wenzel’s equation is given by:

cosθW = r
γsg − γsl
γgl

= rcosθY (3)

and

r= Sa/Sb, (4)

where θw represents the apparent contact angle, r is the rough-
ness factor, Sa denotes the actual surface area of the rough
structure on the material surface, and Sb is the projected area.
In the Wenzel state, the droplet completely fills the rough sur-
face structure (figure 3(b)). Because r will always be greater
than 1, roughness will amplify the wetting and non-wetting
behavior of rough surfaces in the Wenzel state. As a result,
roughness makes hydrophilic surfaces more hydrophilic and
hydrophobic surfaces more hydrophobic.
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Figure 2. Schematic summary of bio-inspired MAAMs-SW, as well as their fabrication strategies and applications. Rice leaves:
Reproduced from [26] with permission from the Royal Society of Chemistry. Droplet manipulation, Salvinia leaves, oil–water separation,
and smart wettability: Reproduced from [16]. CC BY 4.0. [67] John Wiley & Sons. Copyright © 2010 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. [93] John Wiley & Sons. © 2022 Wiley-VCH GmbH. [97] John Wiley & Sons. © 2019 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. Desert beetle elytra, cactus, spider silk, Nepenthes alata, and mechanical stability: Reproduced from [68, 69, 73, 74,
98], with permission from Springer Nature. Springtail skin and water collection: Reproduced from [72, 91]. CC BY 4.0. Araucaria leaves:
From [71]. Reprinted with permission from AAAS. Oil repellency and heat transfer: Reprinted from [80], © 2020 Elsevier Ltd. All rights
reserved. Reprinted from [89], © 2020 Elsevier B.V. All rights reserved. Air retention under water: Reprinted with permission from [96].
Copyright (2022) American Chemical Society.

2.1.3. Cassie–Baxter model. The Wenzel model, which is
only valid for the complete infiltration of droplets into a sur-
face structure, cannot elucidate excellent water repellency in
nature. In 1944, Cassie and Baxter [105] suggested a com-
posite contact model to investigate the wettability of rough
surfaces (figure 3(c)). The formed composite contact inter-
face was composed of a solid–liquid interface and a gas–liquid
interface. The apparent contact angle of a rough surface in this
state can be described by:

cosθCB = f1 cosθ1 + f2 cosθ2, (5)

where θCB is the apparent contact angle under the Cassie–
Baxter model, θ1 is the contact angle of the smooth surface, θ2
denotes the intrinsic contact angle between the liquid and air

(180◦), and f 1 and f 2 represent the area fractions of the solid–
liquid interface and the gas–liquid interface in the composite
contact interface (f 1 + f 2 = 1), respectively. This equation can
also be written as:

cosθCB = f1 (cosθ1 + 1)− 1. (6)

The Cassie–Baxter model signifies that if the area fraction
of the solid–liquid interface is sufficiently low, an apparent
contact angle θCB with much greater than 90◦ can be obtained.
Hence, the formation of the Cassie–Baxter state may lead
to the realization of superhydrophobicity. In addition, sur-
faces with a lower area fraction of the solid–liquid interface
in the Cassie–Baxter state show low adhesion for droplets.
Therefore, ensuring that droplets are in the Cassie–Baxter state
on rough surfaces is critical for designing superhydrophobic
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Figure 3. Theoretical basis of special wettability. (a) Young’s theory. (b) Wenzel state. (c) Cassie–Baxter state. (d) Sliding behavior of a
droplet on a slippery liquid infused porous surface. (e) Cassie–Baxter state on a rough surface with a re-entrant topography. (f) Wetting
behavior of a droplet on trapezoidal and inverted trapezoidal structures. (g) Droplet resting on a macro square pillar array. (h) Diagram
showing the force analysis of a droplet on the macro square pillar array. (i) Driving force arising from a surface energy gradient. (j) Laplace
pressure difference on a convex surface with a cone structure. (i) and (j) Reprinted with permission from [109]. Copyright (2014) American
Chemical Society.

surfaces with a high contact angle and a low sliding angle. As
a typical surface with special wettability, a recently developed
slippery liquid infused porous surface byWong et al [106] had
a low sliding angle, however, its water repellency mechanism
was difficult to describe using the Wenzel and Cassie–Baxter
models. The slippery liquid infused porous surfacewas formed
by injecting lubricating oil with a low surface energy to form
a smooth and stable interface and reduce the adhesion of most
liquids (figure 3(d)).

2.1.4. Critical role of the re-entrant topography. In reality,
the complexities of wetting phenomena are not as straight-
forward as described in these theories. A transition state
between the Cassie–Baxter state and the Wenzel state will

often occur. Studies have demonstrated that the stability of the
Cassie–Baxter state largely depends on the surface morpho-
logy. Therefore, to achieve a stable Cassie–Baxter state, the re-
entrant topography is often introduced during the design and
fabrication process of a rough surface (figure 3(e)). In addi-
tion, the re-entrant topography can lead to a Cassie–Baxter
state with low-surface-tension liquids (such as oil, alcohol, or
other organic solvents). Tuteja et al [107, 108] first proposed
that the re-entrant topography could play a pivotal role in fab-
ricating superoleophobic surfaces. To illustrate the critical role
of the re-entrant topography, the contact behaviors of droplets
with a trapezoidal structure (structural angle ψ > 90◦) and
an inverted trapezoidal structure (re-entrant topography, struc-
tural angle ψ < 90◦) were analyzed (figure 3(f)). The struc-
tural surface generated a stable Cassie–Baxter state only when

5



Int. J. Extrem. Manuf. 6 (2024) 012008 Topical Review

ψ > θ (Young’s contact angle). If ψ < θ, a downward traction
force was generated at the gas–liquid interface under the action
of a capillary force, prompting the droplet to fill the rough sur-
face structure and form a Wenzel state. Therefore, designing a
reasonable re-entrant topography on the surface can not only
improve the stability of the superhydrophobicity but also be
used to construct superoleophobic surfaces.

2.1.5. Mathematical model for contact angle on MAAs. The
contact angles (θs = θ + 90◦) of droplets resting on sur-
faces with MAAs can be predicted by a mathematical model.
For this discussion, a macro square pillar array was adopted.
Figure 3(g) shows the droplet resting on a macro square pil-
lar array, where a is the width of each square pillar, and b is
the gap width between the pillars. To simplify the model, the
following assumptions were made:

1. The macro pillar structures were evenly distributed, and the
sizes and shapes of each pillar structure were identical.

2. The state of the droplet on the pillar array was an ideal
Cassie–Baxter state.

3. The radius of the droplet resting on the pillar array remained
constant.

4. The projection area where the droplet contacted the pillar
array was circular.

5. The surface without the macro square pillar arrays was
hydrophobic.

6. The weight of the droplet was evenly distributed over the
projection area.

7. The droplet did not penetrate between the pillars.
8. The cohesion inside the droplet was a constant value.

The droplet remained in equilibrium on the square pillar
array. Therefore, based on a force balance method, the dif-
ferent forces supporting the weight W of the droplet can be
expressed by:

W= Rt +F1 +Fp cosθ, (7)

where Rt is the reaction force supplied by the pillars, Fp rep-
resents the peripheral surface tension force, F1 is the surface
tension caused by the droplet sagging between pillars, and θ
represents the angle between R and R1 (figure 3(h)).

The weight W of the droplet can be expressed as:

W= (Volume of droplet)× ρg=

(
4
3
πR3

)
ρg, (8)

where R represents the radius of the spherical droplet, ρ is
the density of the droplet, and g represents the acceleration
of gravity.

The reaction force Rt supplied by the pillars can be given
by:

Rt = (hL + yL)× a2 × πR2
1

(a+ b)2
× ρg, (9)

where (hL + yL) is the average height of the water column
above the pillars, a2 represents the area of one pillar, R1 is

the radius of the three-phase contact line of the droplet on the
macro structure, and πR2 1/(a + b)2 is the number of pillars
in the droplet contact area.

The shape of the droplet on the pillar array consisted of a
circular defect, expressed as x2 + y2 = S2. At the center of
the droplet (i.e. if x = 0, y = S), as x increased, the value of y
changed accordingly. The expression for yL is given by:

yL =

∑n
i=0 yn
n

=

∑n
i=0

√
R2 − i2(a+ b)2

n
. (10)

Therefore, Rt can be written as:

Rt =

h+ ∑n
i=0

√
R2 − i2(a+ b)2

n

× a2 × πR2
1

(a+ b)2
× ρg.

(11)

The surface tension caused by the droplet sagging between
pillars F1 can be expressed by:

F1 =
πR2

1

(a+ b)2
× 4a×σgl × sinφ, (12)

where σgl represents the gas–liquid surface tension coeffi-
cient, and φ represents the angle between the arctangent of
the droplet in the macrostructure gap and the vertical direction
(figure 3(h)).

The peripheral surface tension force Fp can be expressed
by:

Fp = 2πRcosθ×σgl. (13)

2.2. Basic theories of special wetting behaviors

2.2.1. Surface energy gradient. A surface energy gradient
signifies a varying change in surface energy on a material sur-
face due to changes in position. Normally, the surface energy
of a material will be uniformly distributed, implying that the
surface energy can maintain the same value throughout the
entire surface [16]. Nevertheless, by using appropriate treat-
ment methods, an uneven surface energy distribution can be
introduced on the material surface, leading to the formation of
a surface energy gradient. A surface energy gradient can guide
the spontaneous transport of droplets on the surface. During
this process, the surface tension of the droplet is unbalanced
on the contact lines on both sides of the solid surface due to
the surface energy gradient, resulting in a driving force that
causes the droplets to move in the direction of the smaller con-
tact angle (figure 3(g)). The driving force F can be described
by [109]:

F= πR0γgl (cosθB − cosθA) , (14)

where R0 is the radius of the droplet, and θA and θB denote the
contact angles of the side with lower wettability and higher
wettability of the droplet, respectively.
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2.2.2. Laplace pressure difference. In addition to a sur-
face energy gradient, a Laplace pressure difference serves
as another driving force for droplet transport on a convex
structure [109]. Laplace pressure difference consists of pres-
sure difference between the surface and the interior of a droplet
caused by curvature. During droplet formation, transport, and
stability, the curvature of the droplet surface will have a dir-
ect effect on the Laplace pressure difference. As an example,
for a water droplet on a convex surface with a cone struc-
ture (figure 3(h)), the Laplace pressure difference ∆P can be
expressed by:

∆P=−
ˆ RL

RS

2γ

(R+R0)
2 sinαdz, (15)

where R represents the local radius of the cone structure (RS

and RL denote the local radii of the cone structure at two sides
of the droplet), α is the half apex angle of the cone structure,
and dz is the minute incremental radius along the cone struc-
ture. According to equation (15), ∆P > 0 because RS < RL.
In this case, the Laplace pressure difference generated by geo-
metric heterogeneity will cause the droplet to move in the dir-
ection from the tip to the bottom of the cone structure.

Overall, special wettability observed in nature can be
closely related to these basic theories. In past years, research-
ers have developed advanced wetting models based on the
classic Wenzel and Cassie–Baxter models, and these break-
throughs have often been used to explain static wetting and
dynamic wetting behaviors. However, the complexity and
diversity of the material surface under actual conditions intro-
duce certain challenges that can hinder the research process of
existing wetting theories. Therefore, additional research on the
wetting mechanisms, the exploration of new theoretical mod-
els, and the combination of advanced computer tools is needed
for elucidating wetting phenomena in nature, as well as the
rational design of surfaces with special wettability.

3. Representative structures in nature

To adapt to different complex environments, both animals and
plants have evolved various structures, which have served as
inspiration and strategies for researchers to design and fabric-
ate MAAMs-SW, making them a prominent research topic in
the field of surfaces and interfaces. In this section, we sum-
marize the representative structures in nature, including mac-
rostructures on the biological surfaces of rice leaves, Salvinia
leaves, desert beetle elytra, cactus, pine needles, and Araucaria
leaves, as well as micro/nanostructures on biological surfaces
of springtail skin, spider silk,Nepenthes alata, butterflywings,
and shark skin (figure 4). Several biological surfaces with
representative structures and special wettability are listed in
table 1.

3.1. Biological surfaces with macrostructures

3.1.1. Rice leaves. Isotropic superhydrophobicity is
characterized by water droplets that can roll freely in all dir-
ections on a surface. However, rice leaves exhibit unique

anisotropic superhydrophobicity (figure 4(a)) [26]. Rice leaf
surfaces contain three structures with different sizes, namely,
sub-millimeter-scale groove arrays, microscale papillae, and
nanostructures [76]. The spacing and height of the sub-
millimeter-scale groove arrays reach 200 µm and 45 µm,
respectively. Water droplets on rice leaf surfaces most easily
roll along the direction parallel to the leaf edge. This is reflec-
ted in the sliding angle parallel to the direction of the leaf
edge, with a value of 3◦, while the sliding angle perpendicular
to the direction of the leaf edge has a value of 9◦. Therefore,
rice leaves exhibit anisotropic superhydrophobicity. The main
reason for this involves the macro-scale groove arrays, which
provide different wetting energy barriers in directions parallel
and perpendicular to the leaf edge.

3.1.2. Salvinia leaves. Although Salvinia molesta is a float-
ing plant, its leaves remain dry when removed from water,
primarily due to excellent superhydrophobicity (figure 4(b))
[67]. Scanning electron microscopy (SEM) observations have
shown that the upper side of S. molesta leaves is densely
covered with complex multicellular hairs, with sets of four
hairs connected to form a macrostructure similar to an egg-
beater, for a total height of approximately 2 mm. The surfaces
of S. molesta leaves are covered with layers of waxy nanocrys-
talline structures, which also contribute to superhydrophobi-
city. However, the top of the eggbeater structure of S. molesta
lacks waxy nanocrystalline structures, leading to hydrophilic
patches that render the top of the eggbeater structure suscept-
ible to water absorption. These hydrophilic patches on the egg-
beater structure effectively fix the air–water interface, endow-
ing the S. molesta surface with an excellent underwater air
retention ability.

3.1.3. Desert beetle elytra. In the arid and hot climate of
the Namib Desert, where rainfall is scarce, desert beetles
have evolved the ability to collect water from fog, allowing
them to survive in this harsh environment [68]. Figure 4(c)
shows the dorsal view of an adult female desert beetle. At
the macroscopic level, the beetle elytra are covered with
numerous bumps, each with a diameter of ∼500 µm, and
the distance between adjacent bumps ranges from 0.5 mm
to 1.5 mm. The top of each bump exhibits hydrophilic prop-
erties, while the sloped sides are covered with a layer of
hydrophobic substances. Many flat hemispherical structures
on the hydrophobic surface can be seen upon further mag-
nification, with each hemisphere measuring 10 µm in dia-
meter. When the beetle is exposed to humid air, the hydro-
philic tops of these bumps serve as sites for continuous fog
condensation, facilitating the rapid growth of droplets. Once
the water droplets reach ∼5 mm in size, they fall from the
elytra. However, Park et al [90] proposed a different view,
suggesting that even in the absence of local chemical patterns
or micro/nanostructures, the surface structures were only con-
vex millimeters in size, with specific geometric shapes that
could promote condensation. Inspired by the bumps on desert
beetle elytra, artificial structures with various applications
have received widespread attention, including fog harvesting
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Figure 4. Overview of typical biological surfaces with special wettability. (a) Rice leaves. Top: Reproduced from [26] with permission
from the Royal Society of Chemistry. Middle: [76] John Wiley & Sons. Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) Salvinia leaves: [67] John Wiley & Sons. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Desert
beetle elytra: Reproduced from [68], with permission from Springer Nature. (d) Cactus: Reproduced from [69], with permission from
Springer Nature. (e) Araucaria leaves: From [71]. Reprinted with permission from AAAS. (f) Springtail skin: Reproduced from [72].
CC BY 4.0. (g) Spider silk: Reproduced from [73], with permission from Springer Nature. (h) Nepenthes alata: Reproduced from [74], with
permission from Springer Nature. (i) Butterfly wings: Reproduced from [75], with permission from Springer Nature. (j) Shark skin:
Reproduced from [26] with permission from the Royal Society of Chemistry.

[63, 110–112], anti-icing [113, 114], and oil–water separation
[115–117].

3.1.4. Cactus. Cacti, which thrive in desert conditions, dis-
play directional transport of liquid droplets and good water
collection due to their unique surface structures [69, 118].

An illustration of the Opuntia microdasys stem is shown
in figure 4(d), indicating the structural characteristics of
the cactus [69]. The trichome features approximately 100
spines with lengths of 800–2500 µm and diameters of 30–
65 µm. Each cactus spine consists of three parts: the ori-
ented barbs at the tip, gradual gradient grooves in the middle,
and belt-structured trichomes at the bottom. A study on the
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Table 1. A selection of biological surfaces with representative structures and special wettability.

Scale of structure Biological surfaces
Structure
characteristics Special wettability

Additional
functionalities References

Macrostructures Rice leaves Groove arrays
(period: 200 µm,
height: 45 µm)

Superhydrophobicity,
anisotropic wettability

Drag reduction [26, 76]

Salvinia leaves Eggbeater structures
(height: 2 mm)

Superhydrophobicity,
hydrophilicity

Underwater air
retention, drag
reduction

[67]

Desert beetle elytra Bump structures
(diameter: 500 µm)

Hydrophobic/hydrophilic
patterns, or
structure-induced
condensation droplet
aggregation

Water collection [68]

Cactus Spine structures
(length:
800–2500 µm,
diameter: 30–65 µm)

Structure- and
surface-energy-induced
self-driving of droplets

Directional transport,
water collection

[69]

Pine needles Conical and inclined
macro needle arrays
with a height gradient
and Janus structure

Structure-induced
self-driving of droplets

Directional transport,
water collection, heat
transfer

[70]

Araucaria leaves Ratchet arrays
(height: 2 mm, pitch:
3 mm, length:
2.6 mm)

Structure-induced
self-driving of liquid

Directional liquid
transport

[71]

Fish scale Sector-like scale
arrays (diameter:
4–5 mm)

Superhydrophilicity,
underwater
superoleophobicity

Drag reduction [25]

Micro/nanostructures Springtail skin Re-entrant structure
arrays (diameter:
0.3–1 µm)

Superoleophobicity Oil repellency [72]

Spider silk Alternating
spindle-knots and
joints (period:
(89.3 ± 13.5) µm)

Structure- and
surface-energy-induced
self-driving of droplets

Directional transport,
water collection,
mechanical
properties

[73]

Nepenthes alata Arch-shaped
microcavities
(average size: 50 µm)

Structure- and
surface-energy-induced
self-driving of droplets

Directional transport,
water collection

[74]

Butterfly wings Scaly structures with
directional
arrangement (length:
(85 ± 6) µm, width:
(14 ± 1) µm)

Superhydrophobicity,
directional adhesion of
droplets

Structural color,
antireflection,
self-cleaning

[21, 75]

Shark skin Riblets (period:
30–50 µm)

Superhydrophilicity,
underwater oleophobicity

Drag reduction,
anti-biofouling

[26]

fog collection performance of this cactus revealed that, even
if the tip was pointed vertically downward, water droplets
would be directionally driven from the tip to the base of the
spine, resulting from two forces generated by the Laplace pres-
sure difference [119, 120] and surface energy gradient [121,
122] on the spine, driving the directional transport of water
droplets. This multifunctional integrated water collection sys-
tem embodied by the cactus has inspired the design and fab-
rication of artificial continuous water collectors for large-scale
water collection.

3.1.5. Pine needles. Pine needles (Sabina chinensis) exhibit
four types of asymmetry, which contribute to the directional
transport of water droplets [70]. S. chinensis needles are con-
ical and inclined, with a height gradient and Janus structure,
and the two sides of the needle are flat and curved. The needles
possess a height gradient of 30◦ and a tilt angle of 50◦. By
comparing and observing the coalescence events at the Janus
and conical pillar tips, studies have shown that the droplets
generated after coalescence will always flip on Janus pillars,
regardless of the ratio of the droplet radius before coalescence.
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Consequently, these droplets will congregate on the curved
side of the pillar. This phenomenon, known as the Janus char-
acteristic, serves as the main reason for the directional trans-
port of water droplets, helping to overcome the natural tend-
ency for smaller droplets to empty into larger droplets and
leading to tip-induced flipping (TIF). The TIF effect offers
substantial promise and important application value in micro-
fluidic devices and water collection systems.

3.1.6. Araucaria leaves. Araucaria, a type of tree that thrives
in warm and humid climates, is not resistant to drought and
cold. Araucaria leaves are covered with 3D ratchets arranged
periodically (figure 4(e)) [71], where the height h of each
ratchet is ∼2 mm, with a pitch p of ∼3 mm, length l of
∼2.6 mm, and tilting angle α of ∼40◦. The ratchets have a
transverse curvature of radius R1 and a longitudinal curvature
of radius R2. The leaves of Araucaria exhibit hydrophilicity,
with water and ethanol contact angles of 59◦ and 21◦, respect-
ively. Ethanol will diffuse along the inclined direction of
the ratchet, while water will propagate in the opposite direc-
tion. Researchers have observed that liquids with low surface
energies exhibit bottom-to-top wicking at solid/liquid inter-
faces, while liquids with high surface energies exhibit top-
to-bottom wicking. Directional liquid transport inspired by
Araucaria leaves holds significant promise for various prac-
tical applications such as chemical reactions, water collection,
and enhanced heat transfer.

3.2. Biological surfaces with micro/nanostructures

3.2.1. Springtail skin. Springtails generally inhabit humid
environments that contain various harmful microorganisms
and surface-active ingredients, resulting in liquid with low sur-
face tension in these environments. Because springtails rely
on their skin to breathe, it is imperative that they prevent
their skin from becoming wetted by liquids. Investigations
have revealed that springtails possess superhydrophobic and
superoleophobic skin [72]. In aquatic or oily environments,
the skin of springtails will form a stable air layer, promoting
their ability to breathe. SEM images have unveiled that the
skin of a springtail contains many re-entrant nanostructures
(figure 4(f)). These nanostructures with re-entrant curvature
are arranged in a rhombus pattern array, serving as the found-
ation of the springtail’s superoleophobic skin [72, 123, 124].
Due to the negative curvature of the re-entrant profile, the
advancing liquid phase must overcome the energy barrier.
These findings have inspired novel strategies for the develop-
ment of superoleophobic surfaces.

3.2.2. Spider silk. Spider silk has remarkable mechanical
properties with broad application prospects in various fields,
such as aviation, textiles, construction, and medicine [125–
127]. The directional water collection mechanism of spider
silk was revealed in 2010. Spider silk is composed of alternat-
ing spindle-knots and joints with a periodicity of (89.3± 13.5)
µm [73]. The apex angle 2β of the spindle-knots is∼19◦, and
the diameters of the spindle-knots and joints are (21.0 ± 2.7)

and (5.9 ± 1.2) µm, respectively (figure 4(g)). Spider silk can
capture fog, leading to the formation of tiny water droplets.
With increasing volume, the water droplets move from the
joints to the spindle-knots. During this process, tiny water
droplets will be driven from the joints toward the spindle-knots
by a surface energy gradient and Laplace pressure difference.
Inspired by spider silk, directional droplet transport has found
potential applications in the fields of water harvesting [128,
129] and oil–water separation [130, 131].

3.2.3. N. alata. N. alata can capture insects by using
the microstructure and wettability of their peristome surface
(figure 4(h)) [74]. The peristome of N. alata contains a two-
level grooved structure. The size of the first-order microgroove
is large, with a width L1 of (461.72 ± 49.93) µm. Each
first-order microgroove contains approximately 10 s-order
microgrooves. The size of the second-order microgroove is
small, with a width L2 of (50.18 ± 6.18) µm. Numerous arch-
shaped microcavities are regularly arranged in each two-layer
microstructure, and water on the peristome surface can over-
come its own gravitational force and be transported upward.
During this process, the second-order microgrooves composed
of arch-shaped microcavities can transport water, with the
microcavity structure directionally strengthening the capil-
lary rise in the transport direction while preventing back-
flow by pinning the liquid. Without a surface energy gradi-
ent, the liquid will exhibit high-speed one-way flow on the
peristome surface. The bionic research of N. alata has shown
broad application prospects in applications such as liquid/
bubble transport [132–134], water harvesting [135, 136], med-
ical devices [137, 138], and desalination [139].

3.2.4. Butterfly wings. Butterfly wings have the ability
to remain clean and dry in heterogeneous environments.
Goodwyn et al [75] studied the wettability and microstruc-
ture of Parantica sita wings (figure 4(i)) and found that the
wing surface was superhydrophobic with self-cleaning prop-
erties. The white translucent regions of P. sita were highly
ordered and organized in lines, forming periodic and paral-
lel porous microstructures. The multiscale structure on the
surface of a butterfly wing was found to be responsible for
superhydrophobicity, as well as the colors of the wing. Prum
et al [140] reported the colors and microstructures of 12
butterfly wings and observed that different structures on the
wings produced different visible colors, such as blue, green,
or purple. Superhydrophobicity with directional adhesion was
observed on Morpho aega wings, which was caused by the
direction-dependent arrangement of flexible nanotips on over-
lapped nanostripes and microscales [21]. In this arrangement,
water droplets can easily roll off the wings along the out-
ward direction of the body, as shown in the schematic dia-
gram in figure 4(i), but will remain fixedwhenmoving inwards
[26, 141].

3.2.5. Shark skin. Unlike other large organisms in the
ocean, sharks possess natural anti-fouling abilities, making it
difficult for algae, barnacles, and other marine organisms to
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adhere to their skin. Additionally, sharks exhibit a low drag
coefficient, allowing them to move efficiently through water.
Bixler and Bhushan [26] observed that the surface of shark
skin was composed of non-packed tooth-like scales (dermal
denticles) covered with micro riblets (period: 30–50 µm)
(figure 4(j)). The study examined the wettability of shark skin
with and without the natural mucous layer, and the results
showed that shark skin with and without natural mucosa could
absorb water droplets and exhibit superhydrophilicity. Due to
the parallel arrangement of the riblets with water flow, the res-
istance of the sharks during movement decreased due to the
reduction of vortex formation. Therefore, the presence of this
unique structure could increase the speed of shark movement.

In summary, various unique structures and functions
are found on biological surfaces with special wettability,
endowing organisms with good environmental adaptability.
Combining multiple disciplines may uncover more biolo-
gical surfaces and functions, and by studying the relationships
between structures and functions of these biological surfaces,
researchers have illuminated some of the mechanisms under-
lying special wettability. Furthermore, the imitation of biolo-
gical macro/micro/nanostructures has led to surfaces with spe-
cial wettability, which can provide practical functions such as
self-cleaning, drag reduction, and anti-icing abilities. These
achievements may provide a direction for future research and
serve as a good foundation for the application of bio-inspired
MAAMs-SW in the aviation, navigation, energy, environment,
and biomedical fields.

4. Fabrication of bio-inspired MAAMs-SW

In the manufacturing industry, three fundamental techniques
for producing parts have emerged, namely additive manu-
facturing, subtractive manufacturing, and formative manu-
facturing (figure 5) [142–144]. These three methods have
been frequently used to fabricate bio-inspired special wet-
ting MAAs. In the process of fabricating these materials,
the commonly used additive manufacturing method is 3D
printing; the commonly used subtractive manufacturing meth-
ods include laser etching, wire electrical discharge machin-
ing, micro-mechanical cutting, and electrochemical machin-
ing; and the commonly used formative manufacturing meth-
ods include the template method and imprinting method. This
section summarizes recently developed strategies for the fab-
rication of bio-inspired MAAMs-SW.

4.1. Additive manufacturing method

Additive manufacturing, also known as 3D printing, is a
type of rapid prototyping technology that uses powder metal,
plastic, or other adhesive materials to construct objects using
layer-by-layer printing. 3D printing has shown to be an effect-
ive strategy for fabricating multiscale and multifunctional
structures for wide applications in industry, academia, and
daily use [145–148]. The common 3D printing technolo-
gies for fabricating MAAMs-SW include fused deposition
molding, selective laser sintering/melting, direct ink writing,

stereolithography, and projection micro stereolithography
[36, 38, 149–158]. Sun et al [159] fabricated an inver-
ted trapezoidal structure using selective laser melting, and
figures 6(a)–(c) shows the SEM and optical images of the
fabricated inverted trapezoidal structure. After aging treat-
ment, the contact angle of the water droplet on the inverted
trapezoidal structure was 156◦, and the inverted trapezoidal
structure had excellent corrosion resistance and wear resist-
ance. Using the direct ink writing method, Ling et al [160]
preparedAl2O3-based hierarchically porous composite ceram-
ics reinforced with SiC. The surfaces exhibited hierarchic-
ally porous structures with millimeter and micrometer-scale
pores (figures 6(d)–(f)), and the wettability of aluminum on
the surfaces of the composite ceramics was enhanced com-
pared to pure alumina ceramics.Wang andWillenbacher [161]
presented a high-resolution direct ink writing method based
on a phase-change-induced strategy to fabricate soft silicon
objects with good shape fidelity (figure 6(g)). This method
could quickly control the rheological properties of viscoelastic
ink and prevent deformation of the structure caused by grav-
ity. Inspired by rice leaves, the researchers printed a soft sil-
icone film with macro groove arrays (figures 6(h) and (i)).
After depositing carbon nanotubes, the macro groove arrays
with a dual-scale structure (figures 6(j) and (k)) exhibited good
superhydrophobicity with a contact angle of (160.1◦ ± 2.3◦)
(figures 6(l) and (m)).

In contrast to the above-mentioned 3D printing technolo-
gies, stereolithography and projectionmicro stereolithography
have been achieved by transferring liquid polymer resin to
solidified voxels. Li et al [162] used multiscale stereolitho-
graphy to print bioinspired functional surfaces with MAAs.
Printed shark skin with riblet arrays (figures 7(a) and (b))
exhibited an average fluid drag reduction of 10% in a pipe
flow experiment. The printed lotus leaf-inspired surface with a
pillar pitch of 300 µm demonstrated good hydrophobic prop-
erties (figure 7(c)). Sun et al [163] developed dual-scale re-
entrant ratchets utilizing projection micro stereolithography
(figure 7(d)), composed of a macro inclined ratchet array
with a re-entrant tip and micro groove array on the ratchet
structure surface. Figure 7(e) shows the SEM image of the
printed macro re-entrant ratchet array with top and bottom
widths of 100 µm and 400 µm, a length of 600 µm, and
an inclined angle of 45◦. Figures 7(f) and (g) shows SEM
images of two different micro grooves arranged perpendicu-
lar and parallel to the inclined direction of the macro ratchet
structure. The study demonstrated the spreading dynamics of
water–ethanol mixtures on the ratchet arrays with perpendicu-
lar and parallel micro groove structures (figures 7(h) and (i)).
The results revealed the water–ethanol mixture spread forward
along the inclined direction of the macro ratchet structure on
a ratchet array with perpendicular micro groove structures,
but flowed backward on the ratchet array with parallel micro
groove structures. Yang et al [77] fabricated a superhydro-
phobic eggbeater structure inspired by S. molesta leaves using
another projection micro stereolithography based 3D print-
ing approach—immersed surface accumulation 3D (ISA-3D)
printing (figure 7(j)). To study the effects of the structure
on wettability, eggbeater structures with different numbers
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Figure 5. Schematic diagram of different processes. (a) Additive manufacturing. (b) Subtractive manufacturing. (c) Formative
manufacturing.

of arms were fabricated (figure 7(k)). The study unveiled a
correlation between superhydrophobicity, the number of egg-
beater arms N and the gap distance d between the eggbeater
structures. The fabricated surfaces were superhydrophobic
with a contact angle of either 170◦ (N = 2 and d = 0.5 mm)
or 152◦ (N = 4 and d = 0.4 mm). Due to high oil absorption,
the superhydrophobic eggbeater structure could also be used
to effectively separate oil from water.

In addition to printing two-dimensional (2D) MAAs on a
flat surface, 3D printing technology can easily prepare 3D
MAAMs-SW. Wang et al [164] developed initiator integ-
rated 3D printing by adding a vinyl-terminated initiator to
an ultraviolet (UV) curable resin, generating complex micro-
lattices with a feature size of ∼300 µm (figure 8(a)). Due
to the enhanced roughness, the Lattices became superhydro-
phobic after poly(FOMA) modification and a perfectly spher-
ical water droplet could form on the poly(FOMA) grafted
Lattice (figure 8(b)). The printedmesh ball exhibited outstand-
ing superhydrophobicity due to the rough micro riblet struc-
tures (figure 8(c)) and could be filled with water without any
leakage (figure 8(d)). Dong et al [165] presented a new mater-
ial concept for printing superhydrophobic objects based on a
combination of digital light processing and polymerization-
induced phase separation, and complex-shaped superhydro-
phobic structures (gyroid and spherical lattice) were printed
to demonstrate the advantages of 3D printing (figures 8(e)
and (f)). As shown in figure 8(g), the oil absorption per-
formance of the printed hierarchically macro-nano porous

lattice was demonstrated based on superhydrophobicity and
superoleophilicity.

These reports showed that the emergence of 3D print-
ing technology has overcome certain challenges associated
with the fabrication of complex structure arrays. Compared
to traditional subtractive manufacturing methods, 3D printing
technology offers significant advantages in prototyping and
small-scale production. However, its disadvantages cannot be
ignored, including the poor universality of the materials, low
strengths of formed materials, and certain drawbacks in large-
scale production. Despite these limitations, 3D printing tech-
nology will undeniably occupy an important position in the
fabrication of MAAMs-SW due to its rapid development and
unique processing.

4.2. Subtractive manufacturing method

4.2.1. Laser etching. High-energy pulsed laser beams can
be used to etch structures on materials with a width of
10–500 µm and depth of 5–1000 µm. Due to its preci-
sion and control, laser etching has emerged as a cutting-
edge processing method for creating functional surfaces,
offering versatility across various machinable materials and
suitability for mass production [31, 32, 166]. Recently,
femtosecond laser etching has been used to obtain macro-
structures with special wettability [86, 167]. Figures 9(a)
and (b) shows a femtosecond laser processing system and
schematic diagram of interactions between the femtosecond
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Figure 6. MAAMs-SW fabricated using selective laser melting and direct ink writing. (a) and (b) SEM images of the inverted trapezoidal
structure. (c) Optical image of the side of the inverted trapezoidal structure. (a)–(c) Reprinted from [159], © 2020 Elsevier B.V. All rights
reserved. (d)–(f) Optical images and SEM image of the hierarchically porous structure. Reprinted from [160], © 2022 The Society of
Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved. (g) Schematic illustration of the high-resolution direct ink writing
process. (h) Groove structures inspired by rice leaves. (i) Microscopy images of the groove structures. (j) and (k) SEM images of the
multiscale structures. (l) Optical image of water droplets on the groove structures. (m) Side view images of large and small water droplets
on the groove structures. (g)–(m) [161] John Wiley & Sons. © 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH.

laser pulse and the substrate [168]. Fang et al [169]
employed femtosecond laser etching technology to fabric-
ate a polydimethylsiloxane (PDMS) surface with MAAs.
Inspired by rice leaves, a bidirectional anisotropic sliding
surface was created with macro-groove arrays and coral-
like microstructures (figures 9(c) and (d)). The sliding angle
of the surface was (1.4◦ ± 0.1◦) in the parallel direction
and (11.6◦ ± 0.3◦) in the vertical direction (figure 9(e)).
Moreover, a ‘step’ structure was introduced into the macro-
grooves. There were three rough steps in each macro-groove
whose width L was 300 µm, and the laser-induced steps
possessed microscale and nanoscale structures (figures 9(f)
and (g)). The step-like structures in the macro-groove arrays

also possessed tridirectionally anisotropic sliding superhy-
drophobicity (figure 9(h)). Bi/tridirectionally anisotropic slid-
ing properties have enormous potential applications in smart
microfluidic systems. Cai et al [86] reported a tridirectionally
anisotropic slippery surface with step-like macro groove
arrays, which were fabricated using two-round femtosecond
laser ablation on a copper substrate. After chemical oxid-
ation, the surface of the step-like macro groove array was
uniformly covered with micro particles and nano needles
(figure 9(i)), and with subsequent fluorination and injec-
tion with silicone oil, slippery surfaces with step-like macro
groove arrays were obtained under different spinning speeds
(figures 9(j)–(l)).
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Figure 7. MAAMs-SW fabricated by stereolithography and projection micro stereolithography. (a) Shark skin printed by the multiscale
stereolithography. (b) Schematic diagram of multiscale printing of shark skin. (c) Printed lotus leaf-inspired surface with good hydrophobic
properties. (a)–(c) [162] John Wiley & Sons. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Schematic illustration of
projection micro stereolithography. (e) SEM images of the printed macro re-entrant ratchet array. (f) and (g) SEM images of two different
micro grooves arranged perpendicular and parallel to the inclined direction of the macro ratchet structure. (h) and (i) Spreading dynamics of
water–ethanol mixtures on ratchet arrays with perpendicular and parallel micro groove structures. (d)–(i) Reproduced from [163]. The
Author(s). CC BY 4.0. (j) Schematic diagram of ISA-3D printing system. (k) SEM images of macro eggbeater arrays with different
numbers of arms (N) fabricated by the ISA-3D printing system. (j) and (k) [77] John Wiley & Sons. © 2018 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

Compared to ultrafast lasers, nanosecond lasers have
lower costs, higher efficiencies, and reduced environmental
condition requirements [170–174], making nanosecond laser
etching technology suitable for the industrial production of
bio-inspired materials with MAAs. Pan et al [88] used nano-
second laser etching technology to fabricate macro-conical
pillar arrays (figure 10(a)), and figures 10(b) and (c) shows
the SEM images of the fabricated macro-conical pillar arrays.
After additional low-surface-energy modification, the macro-
conical pillar arrays exhibited excellent water-repellent prop-
erties (figure 10(d)). Furthermore, macro-conical pillar arrays
with different pillar tilt angles were constructed by changing

the tilt angles of the metallic substrates during the laser etch-
ing process. The results revealed that the superhydrophobic
macro-conical pillar arrays demonstrated good durability, cor-
rosion resistance, and anti-icing performance. Tran and Chun
[175] fabricated grid structured arrays on pure aluminum sur-
faces using nanosecond laser etching technology, with the
surface exhibiting excellent superhydrophobicity after boiling
water treatment and silicone oil heat treatment. An extreme
wettability surface with superhydrophilic and superhydro-
phobic patterns was obtained using a second nanosecond laser
and boiling water treatment to the fabricated superhydro-
phobic surface. As shown in figure 10(e), the water droplets
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Figure 8. Three-dimensional MAAMs-SW fabricated using 3D printing technology. (a) SEM image of a Lattice. (b) Dyed water droplet on
a poly(FOMA)-Lattice. (c) SEM image of a printed mesh ball. (d) Dyed water filled poly(FOMA)-mesh ball. (a)–(d) Reproduced from
[164] with permission from the Royal Society of Chemistry. (e) and (f) Complex-shaped superhydrophobic structures. (g) Fast absorption
process of soybean oil with a hierarchically macro-nano porous lattice. (e)–(g) [165] John Wiley & Sons. © 2021 The Authors. Advanced
Materials published by Wiley-VCH GmbH.

formed a clear array on the superhydrophobic surface with
a superhydrophilic triangular pattern. This proposed process
could be used to fabricate complex superhydrophilic and supe-
rhydrophobic patterns without any additional mask or treat-
ment (figure 10(f)).

Nevertheless, a significant challenge associated with nano-
second laser etching is the large amount of heat generated,
which can cause thermal damage to the material [176, 177].
This limitation has implications for the practical application
of bio-inspiredMAAMs-SW.Water jet-guided laser microma-
chining is an advanced processing technology that can not only
improve the processing accuracy and efficiency of the nano-
second laser, but also reduce thermal damage [178, 179]. Shi
et al [180] used a water jet-guided laser to fabricate macro/
micro textured surfaces with different grid spacings, from 25
to 225 µm. Figure 11(a) shows the water jet-guided laser pro-
cessing system. This approach significantly reduced the heat-
affected zone that formed on the material surface by the water
jet-guided laser, compared to conventional laser processing,
and the water jet-guided laser had a better processing quality
and a greater material removal rate (figure 11(b)). Figure 11(c)
presents the 2D and 3Dmorphologies of a macro grid structure
array fabricated by the water jet-guided laser with a spacing
of 125 µm. The wettability test results showed that the fab-
ricated metallic surfaces were initially hydrophilic, but after
20 d of air exposure, the contact angles on the textured stain-
less steel, titanium, and aluminum surfaces changed, yielding
hydrophobicity/superhydrophobicity.

4.2.2. Wire electrical discharge machining. Wire electrical
discharge machining is a process that harnesses electrical
and thermal energy to remove metal materials. Unlike tra-
ditional machining methods, the tool and workpiece do not
physically touch during the electrical discharge machining

process. Instead, metal removal is achieved through localized
and instantaneous high temperatures generated by spark dis-
charge between the tool and workpiece [181]. This technique
has been increasingly used in recent years to fabricate MAAs
[182–186]. Bae et al [182] fabricated a superhydrophobic
aluminum alloy surface with a dual-scale structure using low-
speed wire electrical discharge machining (figure 12(a)). The
primary macroroughness, which formed a sinusoidal profile
shape with a wavelength range of 200–500 µm, was achieved
by programming the wire electrical discharge machining pro-
cess. The secondary microroughness in the form of crater-
like structures with sizes of several micrometers was nat-
urally generated (figure 12(b)). The fabricated surface with
a wavelength of 500 µm showed superhydrophobicity with
a contact angle of 156◦, without additional chemical treat-
ment (figure 12(c)). Lian et al [186] fabricated submillimeter-
scale asymmetric bump arrays on an aluminum alloy substrate
using wire electrical discharge machining. Figures 12(d)–(f)
shows the SEM images and optical image of the fabricated
submillimeter-scale asymmetric bump arrays. After additional
low-surface-energy modification and the infusion of silicone
oil, the asymmetric bump arrays exhibited good slippery char-
acteristics. Furthermore, the slippery macro asymmetric bump
arrays showed great application potential for water collection
at low temperatures.

4.2.3. Micro-mechanical cutting machining. Micro-
mechanical cutting, which uses micro-cutting tools to remove
excess material from a workpiece, serves as a fundamental
principle in mold manufacturing and the processing of various
metal parts. Micro-mechanical cutting has also been used to
process micro- or macro-structures [187, 188]. Many types
of micro-mechanical cutting methods exist, such as micro-
turning, micro-drilling, and micro-milling [189]. Yu et al
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Figure 9. Superhydrophobic and slippery MAAs fabricated using femtosecond laser etching technology. (a) Schematic diagram of
femtosecond laser processing device. (b) Schematic diagram of the interaction between the femtosecond laser pulse and the substrate. (a)
and (b) Reproduced from [168]. The Author(s). CC BY 4.0. (c) SEM image and cross-sectional image of the macro-groove arrays (width
L = 200 µm). (d) Magnified SEM image of a macro groove. (e) Sliding behavior of water droplets on macro-groove arrays in parallel and
perpendicular directions. (f) SEM image and its cross-section image of the surface with step-like structures in macro-groove arrays. (g)
Magnified SEM image of the surface. (h) Sliding behaviors of water droplets in different directions. (c)–(h) [169] John Wiley & Sons. ©
2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (i) SEM images of the step-like macro groove arrays with micro particles and
nano needles. (j)–(l) SEM images of the lubricant oil state on the slippery surface obtained at spinning speeds of 1000, 2000, and 3000 rpm.
(i)–(l) Reprinted from [86], © 2022 Elsevier B.V. All rights reserved.

[190] developed a miniature high-speed precision micro-
milling machine (figure 13(a)) and fabricated submillimeter-
scale groove arrays using a self-developed micro-milling
machine on an aluminum alloy substrate (figures 13(b)
and (c)). After abrasive belt grinding treatment, the groove
arrays exhibited superhydrophobicity with a contact angle of
(160◦ ± 0.7◦). Using micro-mechanical processing, Song

et al [191] constructed hydrophobic macro groove and
square column arrays on a polymethyl methacrylate substrate.
Figures 13(d) and (e) presents the optical images of the macro
groove and square column arrays. The study assessed the influ-
ence of the structural parameters of groove and square column
arrays on the contact angle of water droplets using a combin-
ation of theoretical analysis and experimental methods. The
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Figure 10. MAAMs-SW fabricated using nanosecond laser etching technology. (a) Diagram of the fabrication of macro-conical pillar
arrays. (b) and (c) SEM images of the fabricated macro-conical pillar arrays. (d) Water droplets on superhydrophobic macro-conical pillar
arrays. (a)–(d) Reproduced from [88] with permission from the Royal Society of Chemistry. (e) Water droplet array on the
superhydrophobic surface with a superhydrophilic triangular pattern. (f) Images of complex superhydrophilic and superhydrophobic
patterns. (e) and (f) Reprinted from [175], © 2021 Elsevier B.V. All rights reserved.

results showed that the contact angle increased with increasing
spacing of the macrostructures and decreased with increasing
width of the square column arrays. The contact angle on the
macro groove array was anisotropic (perpendicular to and
parallel to the groove direction), and the contact angles in
these two directions affected each other. Although the water
droplets had a larger contact angle on the surface with the
square column array, the stability of the contact angle was
not as robust as the groove array. In addition to micro milling
technology, Musavi et al [192] developed a grinding pro-
cess for fabricating hydrophobic surfaces with groove arrays.
Figures 13(f)–(h) presents the top- and side-view SEM images
of the groove arrays, indicating that the contact angle of the
fabricated surface was 140◦, which was 380% higher than the
corresponding smooth surface (37◦). The main advantages of

this technique were its lower cost and faster production rate
compared to the micro-milling method.

Fly cutting and single-point diamond turning, as an
ultra-precision machining technique, has been widely used for
fabricating micro structure arrays [187, 193, 194]. For MAAs,
Zhang et al [195] fabricated a macro lens array using an offset-
tool-servo diamond end fly cutting process (figure 14(a)).
Figure 14(b) shows the simulated and machined morphologies
of the macro lens array, and the results indicated that the macro
lens units were uniformly aligned into a lens array. Based on
this method, a hierarchical structure with a macro lens struc-
ture and secondary pyramid microstructure was successfully
fabricated, as shown in figure 14(c). Although this report did
not characterize wettability, it was believed that MAAMs-SW
could be obtained using ultra-precision fly cutting technology.
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Figure 11. Superhydrophobic MAAs fabricated by water jet-guided laser technology. (a) Schematic diagram of the water jet-guided laser
processing system. (b) Comparison of the optical image and profile between water jet-guided laser machining and conventional laser
ablation. (c) 2D and 3D morphologies of the macro grid structure array with a spacing of 125 µm. Reprinted from [180], © 2019 Elsevier
B.V. All rights reserved.

Kurniawan et al [196] employed the 3D ultrasonic elliptical
vibration texturingmethod to fabricate a rhombohedral pattern
with pitches of 150–300 µm. Compared to patterns formed by
conventional cutting (single-crystal diamond tool), the rhom-
bohedral patterns obtained using 3D ultrasonic elliptical vibra-
tion texturing method demonstrated a good surface finish with
fewer micro defects (figures 14(d)–(g)). The anisotropic wet-
tability of the fabricated rhombohedral patterns with different
pitches was characterized, as shown in figure 14(h), indicat-
ing that the rhombohedral patterns slightly improved the wet-
tability performance compared with the corresponding smooth
surface.

4.2.4. Electrochemical machining. Electrochemical
machining is a technique that involves machining metal
materials through electrochemical reactions. Unlike mech-
anical machining, electrochemical machining is not limited
by material hardness and toughness [197]. This relatively

mature special processing technique has been widely used
in industrial fields [198, 199], and in recent years, mask
electrochemical machining technology has been used to fab-
ricate MAAs with superhydrophobicity [200]. However, in
the mask electrochemical machining process, each sample
requires mask production processes such as film mounting,
exposure, and development, and the mask cannot be reused.
Additionally, the sample can only be processed using pro-
cesses such as diffusion and natural convection, due to the
non-flowing nature of the electrolyte, leading to low pro-
cessing efficiency and easy detachment of the mask layer.
Lian et al [201] used maskless electrochemical machin-
ing technology to fabricate superhydrophobic square macro
pit arrays on a stainless-steel substrate (figure 15(a)). First,
a pyramid array was fabricated using wire electrical dis-
charge machining, and the surface morphology is shown in
figure 15(b). The obtained pyramid array as the cathode was
then used to fabricate square macro pit arrays via the mask-
less electrochemical machining process. Figure 15(c) shows
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Figure 12. MAAMs-SW fabricated using wire electrical discharge machining. (a) Schematic diagram showing the fabrication of dual-scale
structures. (b) SEM images of dual-scale structures. (c) Dyed water droplets on the fabricated surface. Reprinted with permission from
[182]. Copyright (2012) American Chemical Society. (d)–(f) SEM and optical images of sub-millimeter-scale asymmetric bump arrays.
Reproduced from [186], with permission from Springer Nature.

the SEM image of the square macro pit arrays on the anode
surface. After storage in ambient air, the square macro pit
arrays exhibited excellent superhydrophobicity (figure 15(d)).
Wire-electrochemical machining technology has also been
used to fabricate MAAMs-SW. Sharma and Chandraprakash
[202] fabricated macro square pillar arrays on 304 stain-
less steel substrates using a wire-electrochemical microma-
chining process, and the macro square pillar arrays exhib-
ited quasi-superhydrophobic properties with a contact angle
of 145◦.

According to the above summary, each subtractive man-
ufacturing method possesses unique processing characterist-
ics. For example, laser etching technology has shown to
be advantageous in fabricating MAAs with superhydrophilic
and superhydrophobic patterns, while femtosecond lasers are
suitable for the fabrication of MAAs with high accuracy
and low material damage, and nanosecond lasers are more
useful for the fabrication of MAAs with low performance
requirements due to their low cost and high efficiency. With
a large aspect ratio, macro re-entrant arrays, and overhang
arrays, wire electrical discharge machining technology has
shown promise in fabricating MAAs. Due to a high degree
of automation, micro-mechanical cutting machining techno-
logy has shown promise in the fabrication of highly precise

3D MAAs. Electrochemical machining technology may be
suitable for the large-scale fabrication of MAAs with low
material damage. Compared to emerging additive manufac-
turing methods, traditional subtractive manufacturing meth-
ods are more developed, with noticeable advantages in terms
of process precision, automation, and efficiency. The cost can
also be effectively controlled, especially in mass production,
and subtractive manufacturing methods may be cheaper than
additive manufacturing methods due to material costs. As a
result, additivemanufacturingmethods cannot yet replace sub-
tractive manufacturing methods in most fields. Moreover, the
subtractive manufacturing process can accommodate a wider
range of compatible materials, allowing MAAs to be fabric-
ated on different materials, such as metals or polymers, using
the same processing system.

4.3. Formative manufacturing method

4.3.1. Template method. The template method involves
using a structural biological or structural artificial surface
as a mold, onto which casting, pouring, or coating is per-
formed to create microstructures on a polymer surface. After
removing the material or mold, the surface of the material
takes on the structure opposite of the mold. This template
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Figure 13. MAAMs-SW fabricated by micro-milling and grinding. (a) High-speed precision micro-milling machine. (b) SEM image of
macro-groove arrays. (c) Cross-sectional image of macro-groove arrays, with the inset showing the optical image of a water droplet on
microgrooves treated with abrasive belt grinding. (a)–(c) [190] [12 February 2016], reprinted by permission of the publisher (Taylor &
Francis Ltd, www.tandfonline.com.) (d) and (e) Optical images of macro groove and square column arrays. (d) and (e) Reproduced with
permission from [191]. Copyright (2016) CMES. (f)–(h) Top-view and side-view SEM images of the groove arrays fabricated by grinding.
(f)–(h) Reprinted from [192], © 2022 Elsevier Ltd. All rights reserved.

method is highly effective in forming macro/micro/nanostruc-
tures on a solid surface [203–208]. Kang et al [209] fabric-
ated superhydrophobic polymer surfaces using the template
method with a 3D-printed mold (figure 16(a)). First, a mold
with supporting parts was printed using different printing
angles (0◦–90◦), and then a PDMS mixture was poured onto
the mold and degassed at room temperature to remove bubbles
generated during the pouring process. The PDMS mixture
then underwent polymerization through baking, and finally,
the cured PDMS was separated from the mold. As shown in
figures 16(b)–(d), the polymer surface exhibited waveform
macrostructures. The influence of the printing angle on the
surface wettability was experimentally studied, and the results
showed that when the printing angle was greater than 40◦, the
contact angle of the fabricated polymer surface was greater
than 150◦. Song et al [210] obtained millimeter-scale pillar
arrays using the template method (figure 16(e)). In this pro-
cess, micro drilling was used to fabricate the required mold
with blind hole arrays (figures 16(f) and (g)). After spraying
water-repellent nanomaterials, superhydrophobic macro-pillar
arrays with a diameter of 1.05 mm, height of 0.8 mm, and spa-
cing of 0.25 mm were obtained (figures 16(h) and (i)).

4.3.2. Imprinting method. Imprinting technology has drawn
the attention of researchers and engineers due to its low cost,
high efficiency and resolution, and has been widely used in
the fields of biomedical device fabrication and semiconductor
processing [211, 212]. Imprinting technology can be divided
into hot imprinting [213, 214], UV imprinting [215], and
soft imprinting [216, 217], according to the different form-
ing principles. Hot imprinting is currently the main method
for preparing MAAs. Moon et al [218] used a hot imprinting
process to fabricate superhydrophobic polytetrafluoroethylene
(PTFE) polymer surfaces with MAAs (figures 17(a) and (b)).
In this process, die surfaces with sinusoidal 2D/3D patterns,
pitches of 640 µm, and amplitudes of 240 µm, were fabric-
ated by a wire electrical discharge machining (figures 17(c)
and (d)). Figures 17(e) and (f) shows the fabricated PTFE
polymer surfaces with the 2D/3D pattern shapes, where the
contact angles on the 2D patterned surface were 158.5◦ and
152.0◦ in the perpendicular and parallel directions, respect-
ively, and the 3D patterned surface exhibited a contact angle
of 156.7◦ (figures 17(g) and (h)). Other than using hot imprint-
ing to fabricate MAAs, transferring the macrostructure from
the mold surface directly to the substrate can be achieved by
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Figure 14. MAAMs-SW fabricated using fly cutting and single-point diamond turning. (a) Experimental setup of fly cutting. (b) Simulation
and machining of a macro lens array. (c) Decomposition of hierarchical structures. (a)–(c) Reprinted from [195], © 2022 Elsevier Ltd. All
rights reserved. (d) and (e) SEM images of the rhombohedral pattern with a pitch of 300 µm obtained by conventional cutting. (f) and (g)
SEM images of the rhombohedral pattern obtained using the 3D ultrasonic elliptical vibration texturing method. (h) Anisotropic wettability
of the fabricated rhombohedral patterns with different pitches. (d)–(h) Reprinted from [196], © 2020 Elsevier Ltd. All rights reserved.

cold imprinting. Wang et al [98] used the surface of a silicon-
based regular pyramid array as the mold, and then pressed
the metal base and the mold together with a 50 ton hydraulic
press (figure 17(i)). After separation, an iron surface with an
inverted pyramid array was obtained, as shown in figure 17(j),
and using this method, the inverted pyramid arrays could be

copied onto various metals, such as nickel, copper, zinc, and
aluminum alloys.

Formative manufacturing method, mainly involving tem-
plate and imprinting methods, has become an efficient
and high-precision fabrication strategy for MAAs. These
approaches are well suited for the large-scale production
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Figure 15. Superhydrophobic MAAs fabricated using electrochemical machining. (a) Fabrication process of the superhydrophobic square
macro pit arrays. (b) SEM image of pyramid structure arrays on the cathode surface. (c) SEM image of square macro pit arrays on the anode
surface. (d) Optical image of water droplets on the superhydrophobic square macro pit arrays. Reprinted from [201], © 2023 Published by
Elsevier B.V.

of MAAs. However, formative manufacturing method
requires additional mold processing steps, and fabricating
MAAs with different morphologies requires different molds,
placing higher requirements on mold design and manufac-
turing. In recent years, 3D printing technology has been
gradually applied to mold manufacturing. This technology has
significantly addressed the shortcomings of traditional mold
manufacturing, such as complex process, high cost, and low
efficiency, creating opportunities for the mold manufacturing
industry.

In this section, we consolidated a few commonly used
methods for the fabrication of bio-inspired MAAMs-SW into
three categories: additive manufacturing, subtractive manu-
facturing, and formative manufacturing. These methods offer
unique advantages but still have certain limitations (table 2).
A single processing strategy can typically meet the fabrica-
tion requirements of common MAAs (groove arrays, column
arrays, and hole arrays). However, some single technolo-
gies cannot obtain complex structure arrays, such as re-
entrant structure arrays. As a result, researchers have pro-
posed hybrid technologies to fabricate complex structure
arrays [80]. Overall, the fabrication methods for bio-inspired
MAAMs-SW are diverse, with relatively mature formation
mechanisms of the macrostructures. Several fabrication meth-
ods have been applied, achieving various economic and
social benefits. The development of low-cost, efficient, and
environmentally friendly methods for the large-scale fabric-
ation of bio-inspired MAAMs-SW remains a popular subject.
Nevertheless, because bio-inspired MAAMs-SW with poor
mechanical and chemical stability cannot be implemented into
practical applications, the strength and durability of fabricated
surfaces should be fully considered when selecting the fabric-
ation method.

5. Application of bio-inspired MAAMs-SW

Substantial progress has been made in recent years on
MAAMs-SW research. In addition to exploring basic theory
and fabrication technology, researchers have conducted a sig-
nificant amount of work on studying the application fields and
values of bio-inspired MAAMs-SW. As a result, an increas-
ing number of applications of MAAMs-SW have emerged.
This section introduces a few typical applications of bio-
inspired MAAMs-SW, including liquid/droplet manipulation,
water collection, oil–water separation, drag reduction, anti-
icing, heat transfer, oil repellency, underwater air retention,
smart wettability, and mechanical stability.

5.1. Liquid/droplet manipulation

Liquid/droplet manipulation technology has been widely used
in many fields due to its diverse transport methods, high effi-
ciency, and low losses, with applications in biology, chem-
istry, materials, and energy applications [16, 122, 219–221].
Liquid/droplet manipulation can be divided into active and
passive strategies. In this section, we present the liquid/droplet
manipulation of bio-inspired MAAMs-SW based on active
and passive strategies.

5.1.1. Liquid/droplet manipulation using active strategies.
An active strategy can realize programmable droplet manip-
ulation with relatively fast and long-distance droplet trans-
port by applying various external fields, such as electric, mag-
netic, or light fields [45, 222–229]. Zhang et al [230] fab-
ricated a slippery macro ratchet array by using femtosecond
laser ablation, which was combined with a vibration platform
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Figure 16. Superhydrophobic MAAs fabricated using the template method. (a) Schematic diagram of the fabrication process of a
superhydrophobic polymer surface based on the template method. (b)–(d) Optical images of the polymer surface cast from the 3D-printed
mold as a function of the printing angle from 40◦ to 60◦. (a)–(d) Reproduced from [209], with permission from Springer Nature. (e)
Fabrication process of the superhydrophobic pillar arrays using the template method. (f) and (g) SEM images of the blind hole arrays. (h)
and (i) SEM images of the superhydrophobic pillar arrays. (e)–(i) Reprinted with permission from [210]. Copyright (2017) American
Chemical Society.

to form a vibration-actuated omni-droplet rectifier (VAODR)
(figure 18(a)). Water droplets (6 µl) were placed on the
VAODR and driven by horizontal vibrations for directional
droplet transport with a climb angle of 3.5◦ (figure 18(b)).
Figure 18(c) shows the SEM images of the macro ratchet
arrays, where the depth D of each inclined ratchet was
∼134 µm, the widthW of the groove was∼174 µm, the period
P was ∼220 µm, and the oblique angle γ of each ratchet

was ∼45◦. Subsequently, the ratchet arrays were infused
with lubricant (silicone oil) to achieve slippery characterist-
ics. Figure 18(d) shows the optical images of the slippery
ratchet arrays with different oil film thicknesses.With a thin oil
film, the lubricant partially covered the ratchet arrays, result-
ing in significant asymmetry of the VAODR. By contrast, with
a thick oil film, the lubricant completely covered the ratchet
arrays, and asymmetry was eliminated, which impaired the
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Figure 17. Superhydrophobic MAAs fabricated by imprinting method. (a) Schematic diagram of hot imprinting process. (b) Detailed view
of ‘A’ in (a). (c) and (d) SEM images of the 2D/3D patterned dies. (e) and (f) Optical images of superhydrophobic PTFE polymer surfaces
with 2D/3D patterns fabricated by hot imprinting. (g) Contact angles of the 2D patterned surface in parallel and perpendicular directions. (h)
Contact angle of the 3D patterned surface. (a)–(h) Reproduced from [218], with permission from Springer Nature. (i) Fabrication process
scheme of the inverted pyramid arrays. (j) SEM image of the inverted pyramid arrays on an iron substrate. (i) and (j) Reproduced from [98],
with permission from Springer Nature.

directional transport of the droplets. By adjusting the thick-
ness of the lubricant film from 10% to 93%, directional trans-
port of droplets ((4–24) µl) with different transport speeds was
achieved (figure 18(e)).

External fields can also stimulate changes in the surface
morphology to achieve droplet manipulation [103, 231–234].
Shao et al [235] proposed a slippery magnetic-responsive
macro plate array with micro grooves for multi-substance
transport, where the length L, height H, and thickness W of
the macro plate array were ∼4 mm, ∼1 mm, and ∼95 µm,
respectively. In addition, the spacingD between the twomacro
plates was 400 µm (figure 19(a)), and the micro groove spa-
cing m and radius n were ∼100 µm and ∼50 µm, respect-
ively. After injection with dimethyl silicone oil, the surface
exhibited slippery characteristics, where the underwater slid-
ing angle of the air bubble was 31.2◦, and the sliding angle of
the water droplet was 6.3◦. The macro plate array could bend
along the direction of the magnetic field due to the internal
carbonyl iron particle chains. Under the action of a mag-
netic field, the slippery surface realized the on-demand trans-
port of air bubble (under water), water droplet (in air), and

glass-ball (in air) (figures 19(b)–(d)). Jing et al [228] repor-
ted a superhydrophobic magnetic macro pillar array for multi-
dimensional droplet manipulation under a low magnetic field
(figure 19(e)) and analyzed the transport mechanism and state
of the water droplet under weak/strong magnetic fields and
different magnetic field velocities (figure 19(f)). As shown in
figure 19(g), to validate the model of the droplet transport, the
real-time dynamic behaviors of the water droplet under dif-
ferent magnetic field velocities were studied. Finally, operat-
ing platforms based on the magnetic macro pillar array were
established to demonstrate their precise 3D droplet manipula-
tion capabilities.

5.1.2. Liquid/droplet manipulation using passive strategies.
On a surface with uniform structure and wettability, a

liquid/droplet will not move. However, on an anisotropic sur-
face, unbalanced interfacial tension will form between the
liquid/droplet and the solid surface, causing the liquid/droplet
to move [236]. Based on this passive strategy, bio-inspired
geometrical anisotropic surfaces with MAAs have been
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Table 2. Summary of various fabrication methods applied to bio-inspired MAAMs-SW.

Strategies Efficiency Cost
Processing
precision

Structural
diversity

3D processing
flexibility

Scale
flexibility

Applicable
materials

Additive
manufacturing

Fused deposition
molding

☆☆☆ ☆☆☆☆☆ ☆☆☆☆ ☆☆☆☆ ☆☆☆☆ ☆☆☆☆☆ Polymer,
metal,
ceramics

Selective laser
sintering/melting

☆☆☆☆ ☆☆ ☆☆☆ ☆☆☆☆ ☆☆☆☆ ☆☆☆☆☆ Polymer,
metal,
ceramics

Direct ink writing ☆☆☆ ☆☆☆☆ ☆☆☆☆☆ ☆☆☆☆ ☆☆☆☆☆ ☆☆☆ Polymer,
metal,
ceramics

Stereolithography ☆☆☆☆ ☆☆☆☆ ☆☆☆☆☆ ☆☆☆☆☆ ☆☆☆☆☆ ☆☆☆☆☆ Polymer,
ceramics

Projection micro
stereolithography

☆☆☆☆ ☆☆☆ ☆☆☆☆ ☆☆☆☆☆ ☆☆☆☆ ☆☆☆ Polymer,
metal,
ceramics

Subtractive
manufacturing

Femtosecond
laser

☆☆ ☆☆☆ ☆☆☆☆☆ ☆☆☆☆ ☆☆ ☆☆☆ Polymer,
metal,
ceramics,
glass

Nanosecond laser ☆☆☆☆ ☆☆☆☆ ☆☆☆ ☆☆☆☆ ☆☆ ☆☆☆☆ Metal,
ceramics

Wire electrical
discharge
machining

☆☆☆☆ ☆☆☆ ☆☆☆☆ ☆☆☆ ☆☆☆ ☆☆☆☆ Metal,
semicon-
ductor

Micro-
mechanical
cutting
machining

☆☆☆☆ ☆☆☆☆ ☆☆☆☆ ☆☆☆☆ ☆☆☆☆ ☆☆☆☆☆ Polymer,
metal

Mask
electrochemical
machining

☆☆ ☆☆☆☆ ☆☆☆ ☆☆ ☆ ☆☆☆ Metal

Maskless
electrochemical
machining

☆☆☆☆ ☆☆☆ ☆☆☆☆ ☆☆☆☆ ☆☆☆ ☆☆☆☆ Metal

Formative
manufacturing

Template method ☆☆☆☆ ☆☆☆☆☆ ☆☆☆☆ ☆☆☆☆ ☆☆☆ ☆☆☆☆ Polymer,
metal

Imprinting
method

☆☆☆ ☆☆☆☆ ☆☆☆☆ ☆☆☆ ☆☆☆ ☆☆☆☆ Polymer,
metal,
glass

Notes: more stars mean higher efficiency/lower cost/higher processing precision/better structural diversity/higher 3D processing flexibility/higher scale
flexibility, and the same number of stars indicates similar efficiency/cost/processing precision/structural diversity/3D processing flexibility/scale flexibility.

widely used for liquid/droplet manipulation. For example, Li
et al [133] fabricated a peristome-mimicking surface with
macro cavity arrays using high-resolution stereo-lithography
(figures 20(a) and (b)). The macro cavity structure had a length
of 700 µm, width of 250 µm, and depth of 150 µm, and was
periodically arranged along the axial direction. As shown in
figure 20(c), when dyed water was continuously dropped onto
the peristome-mimicking surface, the water spread along the
macro cavity arrays in one direction. Feng et al [70] used 3D
printing technology to fabricate pine needle-inspired asym-
metric arrays with a periodicity of 1.5 mm. The pine needle-
inspired asymmetric arrays were composed of Janus pillars
with a distance s of 300 µm and a height gradient α of 3.5◦.
After placing the arrays in a humid chamber, the water droplets
automatically advanced after continuously coalescing due to

the TIF of the droplets on the Janus pillars. Subsequently,
they [71] fabricated an Araucaria leaf-inspired surface using
3D printing technology. The macrostructure of the Araucaria
leaf-inspired surface was composed of multiple rows of par-
allel ratchet arrays with a row-to-row width of approximately
1000 µm, an interside-to-interside width of 400 µm, and a tip-
to-tip pitch of 750 µm (figure 20(d)). On the Araucaria leaf-
inspired surface, the transport directions of the water–ethanol
mixtures with different mass fractions of ethanol (c) differed.
For example, a mixture with c= 40%was transported forward
(figure 20(e)), while a mixture with c = 10% was transported
backward (figure 20(f)).

In addition to investigating the directional transport of
droplets, exploring the dynamic bouncing behavior of droplets
holds significant potential for advancing droplet manipulation
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Figure 18. Unidirectional transport of water droplets on the VAODR. (a) Schematic illustration of the directional droplet transport process
under vibration. (b) Water droplet transport on the slippery ratchets at a climbing angle of ∼3.5◦ (scale bar: 3 mm). (c) Side and top SEM
images of anisotropic bare ratchets (scale bar: 100 µm). (d) Optical images of the slippery ratchet arrays with different oil film thicknesses,
where the insets show the corresponding schematic diagrams of droplets on slippery ratchet arrays with different oil film thicknesses (scale
bar: 50 µm). (e) Transport speed of the water droplets with different volumes and oil film thicknesses. [230] John Wiley & Sons. © 2022
Wiley-VCH GmbH.

based on passive strategies [237–239]. Superhydrophobic
MAAs with reduced liquid-solid contact time offer signific-
ant potential applications in preventing icing on aircraft wings.
Liu et al [99] fabricated a post surface using a wire cut-
ting machine followed by chemical etching (figure 21(a)),
where the center distance and height of the post were 200 µm
and 800 µm, respectively. After chemical modification, the
post surface demonstrated superhydrophobicity with a con-
tact angle of greater than 165◦ (figure 21(b)). With a Weber
(We) number of 7.1, the dynamic bouncing behavior of
the water droplet on the post surface was normal, and the
contact time was 16.5 ms (figure 21(c)). However, at a
higher We (14.1), the droplet exhibited pancake-like boun-
cing behavior (figure 21(d)), and the contact time between
the droplet and the post surface was significantly reduced.
Song et al [100] used 3D printing technology to fabric-
ate macro and micro anisotropic superhydrophobic surfaces
and assessed their dynamic impact behavior. Impacts on
the micro anisotropic superhydrophobic surface generated
round-like spreading and recoiling (figure 21(e)). However,
impacts on the macro anisotropic superhydrophobic surface
showed more curved spreading, with a flying-eagle shape
(figure 21(f)). The macro anisotropic superhydrophobic sur-
face also reduced the contact time of the impact droplets by
40%–50%.

5.2. Water collection

With the extreme global scarcity of freshwater resources,
the efficient and environmentally friendly acquisition of
freshwater resources has become a significant concern.
Recently, bio-inspired water collection materials have
received increasing attention due to their cost effective-
ness, long life, and environmentally friendly characteristics
[61, 135, 240–244]. Zhou et al [114] fabricated desert
beetle-inspired superhydrophobic–hydrophilic surfaces with
macro/nano-structures. The top of the inspired macro pillars
exhibited hydrophilicity, while the remaining surface areas
exhibited superhydrophobicity. This combination of super-
hydrophobicity and hydrophilicity yielded excellent perform-
ance in accelerating droplet condensation and aggregation
(figure 22(a)), endowing the surface with excellent water
collection performance (figure 22(b)). Inspired by scallop
shells, Bai et al [241] developed a superhydrophilic origami
with multiple-paratactic and dual-asymmetric macro chan-
nels, which could guide the anti-gravity, directional, and
spontaneous transport of water from the wide channel to
the narrow channel (figures 22(c) and (d)). The synergistic
effect of geometric gradients and superhydrophilicity signific-
antly improved the water harvesting capacity. Park et al [90]
combined the wetting properties of Namib Desert beetles,
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Figure 19. Droplet manipulation on MAAMs-SW under the action of a magnetic field. (a) SEM image of the macro plate array with micro
grooves (scale bars from left to right: 700, 200, 70, and 10 µm). (b)–(d) Optical images showing on-demand transport of an air bubble
(under water), water droplet (in air), and glass-ball (in air) (scale bar: 2 mm). (a)–(d) [235] John Wiley & Sons. © 2022 Wiley-VCH GmbH.
(e) Optical images of droplet transport on a superhydrophobic magnetic macro pillar array in the horizontal direction. (f) Transport state of
the water droplet under weak/strong magnetic fields and with different magnetic field velocities. (g) Real-time dynamic behaviors of a water
droplet under different magnetic field velocities. (e)–(g) [228] John Wiley & Sons. © 2022 The Authors. Advanced Functional Materials
published by Wiley-VCH GmbH.

cacti, and Nepenthes pitcher plants to fabricate a slippery sur-
face with an asymmetric bump structure array (figure 22(e)).
Previous studies showed that the bump structures on the desert
beetle elytra surface promoted the rapid condensation of water

vapor into droplets. By combining the bumps with the slope
structure of cactus spines, and coupling the slippery properties
of Nepenthes pitcher plants to the slope surface, the droplets
could grow quickly and quickly leave the slope surface. The
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Figure 20. Liquid directional transport on MAAs based on the passive strategy. (a) and (b) Optical image and cross-sectional SEM image
of the peristome-mimetic surface. (c) Unidirectional transport of dyed water on peristome-mimetic surface. (a)–(c) [133] John Wiley &
Sons. © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Macrostructures of the Araucaria leaf-inspired surface. (e) and (f)
Transport of water–ethanol mixtures with c= 40% (red liquid) and c= 10% (green liquid) on the Araucaria leaf-inspired surface (scale bar:
2 mm). (d)–(f) Araucaria leaf: From [71]. Reprinted with permission from AAAS.

results showed that water collection on the slippery asym-
metric bumps was significantly improved compared to flat
slippery surfaces (figures 22(f) and (g)).

Special wettability behavior induced solely by MAAs has
also been widely used for water collection. Tian et al [91] fab-
ricated bio-inspired spindle-knot microfibers with cavity knots
using a microfluidics method (figure 22(h)), and investigated
the water collection performance of a typical single cavity-
microfiber (figure 22(i)). The results showed that tiny water
droplets increased in size due to continuous condensation and
moved toward the spindle knot, forming a large water droplet,
due to the difference in surface energy and Laplace pressure
between the knots and joints. Over time, the water droplets
collected on the knots moved toward the domain knot, and lar-
ger water droplets were collected (figure 22(j)). Subsequently,
four fibers were assembled into a topological network for
large-scale water collection (figure 22(k)), and the water col-
lection volume of the network was 0.36 ml within 2 min under
a fog flow of 0.408 ml·min−1. Shi et al [245] developed a
hydrogel membrane with 3Dmacrostructures for all-day water
collection. At night, the microstructures of the hydrogel mem-
brane captured water droplets, while during the day, the hydro-
gel membrane acted as an interfacial solar steam generator,
achieving a high evaporation rate (figure 22(l)). When this

membrane was used in a homemade rooftop water collection
device, the volumes of water collected during day and night
were ∼170 ml and ∼70 ml, respectively (figures 22(m) and
(n)), demonstrating its potential for mitigating the issue of
global water shortage.

5.3. Oil–water separation

Water is essential for human survival. However, increasing
water pollution, especially due to oil leaks and oily sewage,
has substantially harmed the environment and human health
[246, 247]. Oil–water separation based on extreme wettab-
ility serves as an ideal strategy for solving these problems
[59, 248–252]. Yang et al [77] used 3D printing technology
to fabricate a superhydrophobic eggbeater structure inspired
by S. molesta leaves, with the flat surface exhibiting hydro-
philic and superoleophilic properties. After nanocoating, the
flat surface demonstrated superhydrophobic and oleophobic
properties, the 3D-printed pillar arrays exhibited hydrophobic
and oleophilic properties (figure 23(a)), and the eggbeater
structure arrays had superhydrophobic and oleophilic prop-
erties (figures 23(a) and (b)). Based on the unique wettab-
ility and morphology of the surface, the eggbeater structure
arrays were used for oil–water separation, with dyed oil (6 mg)
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Figure 21. Dynamic bouncing behavior of droplets on superhydrophobic MAAs. (a) SEM images of a post surface. (b) Water droplet on the
post surface with a contact angle of greater than 165◦. (c) Water droplet impacting on a post surface at We = 7.1. (d) Water droplet
impacting the post surface at We = 14.1. (a)–(d) Reproduced from [99], with permission from Springer Nature. (e) and (f) Impacts on the
micro anisotropic superhydrophobic surface (micro-aniso-SHS) and macro anisotropic superhydrophobic surface (macro-aniso-SHS).
(e)–(f) Reproduced from [100]. CC BY 4.0.

absorbed by the eggbeater structure within 1 s (figure 23(c)).
When a droplet of the water/oil mixture was dropped onto
the array, the wetting phase (oil) was merged into the egg-
beater structure, and the non-wetting phase (water) remained
on top, forming a spheroid shape (figure 23(d)). The oil–
water separation efficiency, which was tested by thermogra-
vimetric analysis, was 99.9%. Li et al [92] created an under-
water cactus-inspired system and fabricated novel oleophilic
PDMS needle arrays to separate oil droplets from an oil–
water mixture, and figure 23(e) presents the SEM image of
the PDMS needle arrays. The oil collection process on a single
needle structure was analyzed, as shown in figure 23(f). The
oil collection on the conical needle was achieved in three
steps, namely, deposition, growth, and self-driving movement.
The self-driving movement was caused by a Laplace pres-
sure difference. As shown in figure 23(g), the oil–water mix-
ture was successfully separated with the collection device.
Figures 23(h)–(j) presents the images of the oil–water mixture,
collected oil, and collected water before and after the separ-
ation experiment. The maximum collection efficiency of the
PDMS needle arrays reached approximately 99%. In addition
to the above studies, many sub-millimeter-scale holes [151,
253] or groove arrays [254] with special wettability have been
used to separate oil–water mixtures. Therefore, bio-inspired
MAAMs-SW may play an indispensable role in the field of
oil–water separation.

5.4. Drag reduction

The global energy crisis has intensified since the 1970s, result-
ing in the increasing development of various new energy con-
servation and emission reduction technologies [255]. Among
these, drag reduction technology has shown significant applic-
ation demand in underwater vehicles, ships, and long-distance
pipeline transport [58, 141, 256]. Inspired by shark skin
and fish scale surface structures and the superhydrophobicity
of lotus leaf surfaces, researchers have developed numerous
MAAMs-SW for drag reduction [94, 162, 257–261]. Kim et al
[259] fabricated Salvinia-inspired surfaces using a conven-
tional soft lithography method, supported by capillary-force-
induced clustering (figures 24(a) and (b)). Macro pillars with
a clustered structure were arrayed with a period of 350 µm,
and the contact angle was (174.9◦ ± 3.2◦) (figures 24(c) and
(d)), resulting in excellent superhydrophobicity. The clustered
surface structure could pull the meniscus of water, due to the
hydrophilic tips of the polydopamine coating (figure 24(e)). To
calculate the effective slip length and quantitatively evaluate
the drag reduction effect of the Salvinia-inspired surface, the
apparent viscosity of 40 wt% glycerol was measured on the
surface and the reference plate (figure 24(f)). According to
the results, the drag reduction of the Salvinia-inspired sur-
face was ∼82%. According to the macro-morphology of
Sciaenops ocellatus scales (figures 24(g) and (h)), Wang et al
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Figure 22. Water collection performances of bio-inspired MAAMs-SW. (a) Schematic diagram of the water collection mechanism on the
inspired superhydrophobic–hydrophilic surface with macro pillars. (b) Water collection process on the superhydrophobic–hydrophilic
surface. (a) and (b) Reprinted from [114], © 2022 Elsevier B.V. All rights reserved. (c) Schematic illustration of anti-gravity, directional,
and spontaneous transport of water. (d) Directional liquid transport on superhydrophilic origami without leakage. (c) and (d) [241] John
Wiley & Sons. © 2023 Wiley-VCH GmbH. (e) Design of a slippery surface with an asymmetric bump structure array. (f) and (g) Water
collection images and curve of slippery asymmetric bumps (left image, black line in the plot) and flat slippery surface (right image, blue line
in the plot). (e)–(g) Reproduced from [90], with permission from Springer Nature. (h) SEM image of a bio-inspired spindle-knot microfiber
with cavity knots. (i) Optical image of water droplets collected on a single cavity-microfiber. (j) Water droplet on the knots moving toward a
domain knot. (k) Topological network with four fibers for large-scale water collection. (h)–(k) Reproduced from [91]. CC BY 4.0. (l)
Schematic diagram of all-day water collection of hydrogel membrane with macrostructures. (m) Daytime and (n) nighttime modes of a
water collection prototype, and the corresponding collected water volume. (l)–(n) Reprinted from [245]. CC BY 4.0.
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Figure 23. Oil–water separation performances of bio-inspired MAAMs-SW. (a) Water and oil on the flat surface, nanocoating surface,
micro pillar surface, and eggbeater surface. (b) SEM images of 3D-printed eggbeater arrays. (c) Oil absorption of eggbeater structures. (d)
Oil/water mixture separation of eggbeater structures. (a)–(d) [77] John Wiley & Sons. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (e) SEM image of PDMS needle arrays. (f) Schematic diagram of the oil collection process. (g) Schematic diagram of the
collection device. (h) Oil/water mixture. (i) Collected oil. (j) Separated water. (e)–(j) Reproduced from [92], with permission from Springer
Nature.

[260] used a nanosecond laser to fabricate a bionic super-
hydrophobic fish-scale surface on an aluminum alloy, and
figure 24(i) presents the morphology of the designed bionic
fish-scale surface. Under the action of nanosecond laser, the
morphology of S. ocellatus scales was successfully obtained

(the inset of figure 24(j)). The fabricated fish-scale surface
exhibited excellent superhydrophobicity and low adhesion,
and the experimental results showed that the drag reduction
rate of the bionic fish-scale surface could reach ∼4.8% under
stratified conditions (figure 24(j)).
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Figure 24. MAAMs-SW for drag reduction. (a) Salvinia leaves. (b) Salvinia-inspired macrostructures. (c) SEM image of the
Salvinia-inspired surface. (d) Water droplet on the Salvinia-inspired surface showing superhydrophobicity. (e) Microscopic images of a
single clustered structure pushing and pulling. (f) Apparent viscosity of 40 wt% glycerol on the reference plate and the Salvinia-inspired
surface. (a)–(f) Reproduced from [259]. CC BY 4.0. (g) Sciaenops ocellatus. (h) Optical image of the scale arrangement of the fish. (i)
Design of the morphology of the bionic fish-scale surface. (j) Experimental results on the drag reduction performance of the bionic
fish-scale surface with different Re values. (g)–(j) Reprinted from [260], © 2021 Elsevier B.V. All rights reserved.
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5.5. Anti-icing

Icing poses significant challenges across various domains, res-
ulting in undesirable icing on the surfaces of power trans-
mission equipment, aircraft, ships, roads, and other objects,
leading to serious economic, energy, and security prob-
lems, as well as environmental hazards. Therefore, finding
strategies to prevent icing has become an active research topic.
Superhydrophobic materials have been widely used in the
field of anti-icing [262–265]. For the study of superhydro-
phobic surfaces with MAAs, Guo et al [87] fabricated a mac-
ro/nanostructured surface (MN-surface), nanostructured sur-
face (N-surface), macrostructured surface (M-surface), and
smooth surface (S-surface). The MN-surface was composed
of macro ratchet arrays with a period of 300 µm and ZnO nan-
ohairs with a diameter of 70–100 nm and a height of ∼3 µm
(figure 25(a)). The N-surface was composed of only ZnO nan-
ohairs (figure 25(b)), and theM-surface was composed of only
macro ratchet arrays with a period of 260 µm (figure 25(c)).
The S-surface was smooth without any additional structures
(figure 25(d)). Figure 25(e) shows the ice formation processes
on the MN-, N-, M- and S-surfaces at −10 ◦C, indicating that
the MN-surface had robust anti-icing properties, which were
significantly better than the anti-icing properties of the N-, M-,
and S-surfaces. The time required for a droplet to freeze on
the MN-surface was ∼7220 s, while the delay time on the N-
surface was ∼1740 s. The inhibition of condensation frosting
plays a critical role in anti-icing applications. Lu et al [266]
reported a frost-free zone generated on a macro-ridged sur-
face with hydrophobicity. Due to changes in the distribution
of vapor diffusion flux, the designed macro ridge caused the
condensate droplets to become arranged in a gradient based
on their size during the condensation process (figures 25(f)
and (g)), and this unique droplet distribution created a frost-
free zone around the ridge corner. Based on this discovery, the
macro ridge arraywas designed to achieve overall anti-frosting
performance. The results showed that the middle area between
the two ridges remained frost free on the surface of the macro
ridge array with a period of 4 mm, while frost formed at a
period of 5 mm (figures 25(h) and (i)). This strategy could
serve as a new path for developing anti-icing surfaces.

5.6. Heat transfer

Improving heat transfer efficiency holds great significance for
energy conservation and environmental protection. Dropwise
condensation, known for its high heat transfer efficiency, has
emerged as an attractive heat transfer method, with dropwise
condensation on superhydrophobic surfaces gaining signific-
ant research attention [184, 267–270]. Droplets will show
different states during condensation, and significantly dif-
ferent heat transfer effects on superhydrophobic surfaces
with different structures and morphologies. Cheng et al [89]
developed a macro-textured groove array on a high-purity
copper plate through mechanical processing, and prepared
nanostructures on an array via wet etching. Figure 26(a)
shows an SEM image of the nanosheets distributed on the
surface. The surface exhibited excellent superhydrophobicity

with a contact angle of 154◦. Figures 26(b) and (c) shows the
SEM images of the macro-textured groove array with opening
angles of 30◦ and 60◦, denoted as MGA30 and MGA60,
respectively, and the heights of the grooves were 1.0 mm.
As shown in figures 26(d) and (e), when the surface under-
cooling temperature (T) was 50.3 ◦C, the jumping depar-
ture modes of MGA30 and MGA60 were cut off and trans-
formed into sweeping and sliding modes, respectively. The
departure speed of sweeping on MGA30 was significantly
larger than sliding on MGA60. Through experimentation,
the study concluded that the introduction of macro-textured
groove arrays realized preferential nucleation, and enabled the
large droplets to propel themselves to detach from the sur-
face, resulting in an approximately 50% decrease in the max-
imum diameter of the droplets on the condensation surface. In
addition, the superhydrophilic surface could provide cooling
liquid to the heating area under the action of strong capillary
forces, thereby improving boiling heat transfer [271, 272].
Wang et al [272] fabricated a superhydrophilic macro/mi-
cro/nanostructured surface by combining hot embossing and
hydrothermal treatment. The macro/micro/nanostructured sur-
face was composed of macro groove arrays with a period of
1 mm (figure 26(f)), micro pyramid-channel arrays with a
width of 100 µm and a height of 173 µm, and needle-shaped
nanostructures with a length of several hundred nanometers.
As shown in figure 26(g), the bubble behaviors of the differ-
ent surfaces were analyzed. Based on figure 26(h), the contri-
butions of the enhancement mechanisms of different surfaces
based on the critical heat flux (CHF) and the experimental
results showed that the macro/micro/nanostructured surface
considerably improved the CHF and heat transfer coefficient.
In addition, many MAAs with superhydrophobic–hydrophilic
patterns have been used to enhance heat transfer [273, 274].
According to these studies, bio-inspired MAAMs-SW play an
indispensable role in the field of heat transfer.

5.7. Oil repellency

Traditional superhydrophobic surfaces struggle to resist oil
wetting [275], largely due to the low surface tension of oil,
making it challenging to fabricate superoleophobic surfaces
[107, 108]. The introduction of MAAs has been shown to
increase oil repellency [276]. Yang et al [79] proposed a
facile strategy for fabricating mushroom-like macrostructures
based on the laser-induced self-growing method. As shown
in figures 27(a) and (b), a re-entrant macro pillar was rap-
idly grown with continuous laser scanning within 0.36 s, cor-
responding to the intriguing growth of natural mushrooms.
Figures 27(c) and (d) presents the fabricated re-entrant macro
pillar array with good morphology uniformity, and after fluor-
ination and spray coating, the surface exhibited oil repellency
for hexadecane, olive oil, and ethylene glycol (figure 27(e)).
Song et al [80] fabricated a superhydrophobic and supero-
leophobic macro-re-entrant structure using a mixed process
of nanosecond laser ablation and liquid/gas interface shape-
regulated electrochemical deposition. Figures 27(f) and (g)
shows the SEM images of the macro-re-entrant structures
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Figure 25. Anti-icing performances of MAAMs-SW. SEM images of different surfaces from top and side views. (a) MN-surface. (b)
N-surface. (c) M-surface. (d) S-surface. (e) Ice formation processes on the MN-, N-, M-, and S-surfaces at −10 ◦C with delay time (DT).
(a)–(e) [87] John Wiley & Sons. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Condensation frosting on a
surface with a macro ridge. (g) Schematic diagram of the frost-free zone formed on a surface with a macro ridge at different stages. (h) and
(i) Frosting results on the surfaces of macro ridge arrays with periods of 4 mm and 5 mm. (f)–(i) Reproduced from [266]. CC BY 4.0.

composed of roof-capped micropillars. After modification
with low-surface-energy materials, the study observed that the
contact angle of peanut oil droplets was 156◦ (figure 27(h)).
However, when a peanut oil droplet was placed on the mod-
ified micropillar arrays without a roof structure, the droplet
permeated into the spaces of the arrays, suggesting that the
macro-re-entrant structure was essential for enhancing oil
repellency (figure 27(i)). Yu et al [183] fabricated a macro

groove array via high-speed wire electrical discharge machin-
ing (figure 27(j)) and observed that the V-shaped groove
array demonstrated enhanced oil repellency after immersion
in a fluorosilane solution. The contact angles of glycerol
and ethylene glycol increased from 144.7◦ and 118.7◦ to
154.5◦ and 153.9◦, respectively (figure 27(k)), and the res-
ults showed that MAA helped to improve the oil repellency
characteristics.
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Figure 26. Condensation performances of MAAMs-SW. (a) SEM image of nanosheets distributed on the surface, where the inset shows the
contact angle. (b) and (c) SEM images of MGA30 and MGA60. Vapor condensation on (d) MGA30 and (e) MGA60 with a high surface
subcooling of 50.3 ◦C. (a)–(e) Reprinted from [89], © 2020 Elsevier B.V. All rights reserved. (f) Morphologies of fabricated macro groove
arrays and micro pyramid-channel arrays. (g) Bubble behaviors of different surfaces. (h) CHF enhancement mechanisms of different
surfaces. (f)–(h) Reprinted from [272], © 2023 Elsevier Ltd. All rights reserved.

5.8. Other applications

Apart from the above-mentioned applications, bio-inspired
MAAMs-SW have demonstrated important applications in air
retention under water [96, 277, 278], smart wettability [279–
282], mechanical stability [98, 283, 284], and in other fields.
Inspired by the long-term underwater air layer retention ability

of S. molesta, Zhang et al [96] developed a ‘top-constrained
self-branching’ method to fabricate a superhydrophobic
four-branchmacrostructure, which was embedded with hydro-
philic microspheres (figures 28(a)–(c)). The results showed
that the fabricated Salvinia-inspired structure exhibited robust
air retention and recovery abilities. Jiang et al [97] fabricated
a Janus high aspect-ratio magnetically responsive microplate
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Figure 27. Enhanced oil repellency on MAAs. (a) and (b) Optical images of the growth of a re-entrant macro pillar corresponding to the
growth process of a mushroom. (c) and (d) SEM images of the re-entrant macro pillar array. (e) Optical image of different liquid droplets on
the re-entrant macro pillar array. (a)–(e) Reprinted with permission from [79]. Copyright (2021) American Chemical Society. (f) and (g)
Top-view and side-view SEM images of macro-re-entrant structures. (h) Image of a peanut oil droplet on a superamphiphobic surface with
roof structures. (i) Image of a peanut oil droplet on a superhydrophobic surface without roof structures. (f)–(i) Reprinted from [80], © 2020
Elsevier Ltd. All rights reserved. (j) SEM image of macro groove arrays. (k) Optical image of droplets of water, glycerol, and ethylene
glycol on macro groove arrays. (j) and (k) Reprinted from [183],Copyright © 2015 Elsevier B.V. All rights reserved.

array (HAR-MMA) with smart wettability (figure 28(d)). The
HAR-MMA had a height of ∼940 µm, width of ∼100 µm,
length of ∼2.1 mm, and an interval of ∼803 µm, and could
switch between superhydrophobic (158◦) and hydrophilic
(40◦) states by alternating the direction of the magnetic field
(figure 28(e)). Based on the reversible switchable wettability,

a novel magnetically responsive water droplet switch was
designed to realize the selective downward rolling or inter-
ception of water droplets (figure 28(f)). In addition, the HAR-
MMAwas used for dynamic color conversion and optical shut-
ter driven by an external magnetic field (figures 28(g) and
(h)). In practical applications, bio-inspired superhydrophobic
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Figure 28. Air retention under water and smart wettability on MAAMs-SW. (a) Schematic diagram of the fabrication process of the
Salvinia-inspired structures. (b) SEM image of Salvinia-inspired structures (scale bar: 200 µm). (c) Contact angle of the Salvinia-inspired
structures and SEM images of a single Salvinia-inspired structure. (a)–(c) Reprinted with permission from [96]. Copyright (2022) American
Chemical Society. (d) Schematic diagram of the fabrication process of a Janus HAR-MMA. (e) Schematic diagram and optical images of
switchable wettability on the Janus HAR-MMA. (f) Schematic diagrams of the selective downward rolling or interception of water droplets
on the Janus HAR-MMA. (g) Photographs of the dynamic color conversion between red and green of the Janus HAR-MMA (scale bar:
5 mm). (h) Photographs of optical shutters with light passing through and light blocked. (d)–(h) [97] John Wiley & Sons. © 2019
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

surfaces will inevitably come into direct contact with the sur-
rounding environment, which produces mechanical wear, res-
ulting in poor durability of the superhydrophobic properties
[285–287]. Hence, Wang et al [98] designed and fabricated an

armored superhydrophobic surface combining macro/micro-
structures (size: 10–480 µm) with nanostructures. The macro/
microstructures consisted of an interconnected frame, which
acted as ‘armor’ to resist abrasion, while the nanostructures
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Figure 29. Mechanical stability of MAAMs-SW. (a) and (b) Schematic diagrams of the strategy for protecting water-repellent
nanostructures using macro/microstructures as armor. (c) Comparison of the mechanical stability of various superhydrophobic surfaces.
Reproduced from [98], with permission from Springer Nature.

provided water repellency (figures 29(a) and (b)). Through
a comparison of the mechanical stabilities among different
superhydrophobic surfaces, the armored superhydrophobic
surface could withstand over 1000 wear cycles, which was 10
times more cycles than conventional superhydrophobic sur-
faces (figure 29(c)).

Despite the promising application prospects of bio-inspired
MAAMs-SW, most of these studies remain in the laborat-
ory stage, and further research is needed to implement these
technologies to daily life. Current research and development
efforts toward the application of bio-inspired MAAMs-SW
are making notable progress. A summary and comparison of
the various applications are listed in table 3. The applica-
tions of bio-inspired MAAMs-SW are evolving in diverse and
intelligent directions. It is believed that bio-inspired MAAMs-
SW will likely play significant roles in aviation, navigation,
energy, environmental, and biomedical fields.

6. Summary and outlook

Bio-inspired MAAMs-SW represent an important and grow-
ing domain in materials science and engineering. In the
present review, we summarized recent progress in the theory,
design, fabrication, and application of bio-inspired MAAMs-
SW. By studying the fundamental theory of special wettab-
ility and drawing inspiration from representative structures
in nature, many bio-inspired MAAMs-SW have been fab-
ricated using additive manufacturing, subtractive manufac-
turing, and formative manufacturing. These materials may
be suitable for various applications such as oil repellency,
liquid/droplet manipulation, anti-icing, heat transfer, water
collection, oil–water separation, drag reduction, air retention

under water, smart wettability, and mechanical stability.
However, despite the research progress made for bio-inspired
MAAMs-SW over the past two decades, many challenges
remain that need to be addressed.

• Researchers have mainly obtained desired bio-inspired
MAAMs-SW using simple designs and assisted by
processing methods to regulate the morphology of MAAs.
However, while many high-performance bio-inspired
MAAMs-SW have been fabricated, achieving the design
of ideal geometric shapes with superior performance using
systematic, scientific, and reasonable methods remains a
challenge.

• Many fabrication methods still face problems with
large-scale production (such as controllability, uniformity,
cost, and efficiency). Therefore, mass-production
technologies for the fabrication of MAAMs-SW are needed.
Furthermore, due to the high geometric complexity of bio-
logical structures in nature, more advanced technologies or
clever hybrid technologies must be developed to address
the challenges posed by the design and manufacturing of
biomimetic structures.

• The design and fabrication of stable and durable MAAMs-
SW remains a substantial challenge. Functional MAAs
are prone to damage when faced with significant wear,
pressing, bending, or other effects. The emergence of
armored structures provides a promising solution to this
problem. However, the use of armored structures while
maintaining original functionality, such as droplet manip-
ulation, anti-icing, oil–water separation, and smart wettabil-
ity, remains extremely challenging in functionalized design
and fabrication.
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Table 3. Summary of typical bio-inspired MAAMs-SW applied to various applications.

Applications Wetting features
Characteristics of
MAAs

Fabrication
method of MAAs Advantages Challenges References

Liquid/droplet
manipulation

• Superhydrophobicity
• Anisotropic

wettability
• Slippery
• Structure-induced

self-driving of
droplets/liquids

• Ratchet arrays
• Plate arrays
• Pillar arrays
• Groove arrays
• Peristome-

inspired cavity
arrays

• Pine needle-
inspired
asymmetric
arrays

• Araucaria
leaf-inspired
parallel
ratchet arrays

• Femtosecond
laser ablation

• Template
method

• 3D-printing
• Wire electrical

discharge
machining

• Simple
operation

• Low energy
consumption

• High efficiency

• Long-term
stability

• Integration and
portability of
manipulation
platform

• Programmable
manipulation
of multiple
droplets

• Manipulation
of extremely
small or large
droplets

[70, 71,
99, 100,
133, 228,
230, 235]

Water collection • Superhydrophobic–
hydrophilic
patterns

• Superhydrophilicity
• Slippery
• Structure- and

surface
energy-induced
self-driving of
droplets

• Beetle-
inspired pillar
arrays

• Dual-
asymmetric
channel arrays

• Spider
silk-inspired
spindle-
knot/joint
structure

• Cactus-
inspired spine
arrays

• Tree arrays
• Groove arrays

• 3D-printing
• Template

method
• Imprinting

method
• Wire electrical

discharge
machining

• Laser etching

• High efficiency
• Low economic

cost
• Environmental

friendliness
• Low energy

consumption

• Improving the
service life

• Large-scale
fabrication

• Use in extreme
environments
(low humidity,
low
temperature,
strong wind
containing
sand)

[90, 91,
114, 241,
245]

Oil–water
separation

• Superhydrophobicity
and oleophilicity

• Structure-induced
self-driving of
droplets

• Salvinia-
inspired
eggbeater
structure
arrays

• Cactus-
inspired spine
arrays

• Hole arrays
• Groove arrays

• 3D-printing
• Template

method
• Wire electrical

discharge
machining

• Laser etching

• Highly
efficient, high
flux and high
selectivity

• Easily
processed

• Separation of
miscible
organic
liquids, such as
water and
ethanol

• Multiphase
separation

[77, 92,
151, 253,
254]

Drag reduction • Superhydrophobic–
hydrophilic
patterns

• Superhydrophobicity
• Slippery

• Salvinia-
inspired
eggbeater
structure
arrays

• Sector-like
scale arrays

• Template
method
assisted with
capillary-
force-induced
clustering

• Laser etching

• Better drag
reduction effect
and economy

• Simultaneously
anti-fouling

• Long-term
stability in
liquid flow
environments

• Large-scale
fabrication

[259–261]

Anti-icing • Superhydrophobicity
• Structure-induced

condensation
droplets arranged in
gradient according to
size

• Ratchet arrays
• Ridge arrays
• Pillar arrays

• Micro-
mechanical
cutting
machining

• Wire electrical
discharge
machining

• Laser etching

• Significant
delay in
freezing

• Improving
mechanical
and pressure
stability

• Large-scale
fabrication

[87, 88,
266]

(Continued.)
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Table 3. (Continued.)

Applications Wetting features
Characteristics of
MAAs

Fabrication
method of MAAs Advantages Challenges References

Heat transfer • Superhydrophobic–
hydrophilic
patterns

• Superhydrophobicity
• Superhydrophilicity

• Pillar arrays
• Groove arrays
• Multiple

grooves and
pores

• Micro-
mechanical
cutting
machining

• Wire electrical
discharge
machining

• Laser etching

• Self-propelled
effect

• Highly efficient
• Prevents

nucleate-
boiling
phase

• Improving
mechanical
robustness

• Achieving
high-
temperature
tolerance

[89,
269–274]

Oil repellency • Superoleophobicity • Re-entrant
structure
arrays

• Hierarchical
structures

• 3D-printing
• Laser-induced

self-growing
method

• Laser ablation
and electro-
chemical
deposition

• Wire electrical
discharge
machining

• Simple
fabrication
method

• Suitable for
large-scale
fabrication

• Lower
performance
and poorer
stability than
micro/nano
re-entrant
structures

[79, 80,
183, 276]

Air retention
under water

• Superhydrophobic–
hydrophilic
patterns

• Superhydrophobicity

• Salvinia-
inspired
eggbeater
structure
arrays

• Four-branch
hollow
structures

• 3D-printing
• Top-

constrained
self-branching
method

• Imprinting
method

• Simple
operation

• High efficiency

• Long-term
stability

• Stability in
complex
environments

[67, 96,
277, 278]

Smart
wettability

• Superhydrophobic/
hydrophilic
properties

• High/low adhesion
• Anisotropic/isotropic

wettability

• Groove arrays
• Plate arrays

• Template
method

• Laser etching

• Simple and
efficient

• Easy operation
• Good

controllability

• Improving
physical and
chemical
durability

[97,
279–282]

Mechanical
stability

• Superhydrophobicity • Armored
structures

• Pillar arrays
(protective
structures)

• Laser
shock/etching

• Maskless elec-
trochemical
machining

• Imprinting
method

• Improved
mechanical
stability

• Easily
processed

• Robustness
and durability
of
comprehensive
evaluation

[98, 283,
284]

• Finally, the industrialization and marketization process of
these bio-inspired MAAMs-SW remains hindered. Most
reported materials are still in the proof-of-concept stage, in
terms of potential applications in relevant fields, with sig-
nificant research still needed to achieve practical applica-
tions. Therefore, the controllability, durability, intelligence,
and biosafety of the MAAMs-SW should be improved to
convert these materials into commercial products.

Despite many development challenges, bio-inspiredMAAMs-
SWhave promising prospects. To allowMAAMs-SW to trans-
ition from laboratory exploration to practical applications, the
following research directions should be further explored.

(1) New theories and advanced methods must be explored
to explain the complex wetting phenomena. Researchers
still use wetting models that were proposed more than
70 or even 200 years ago. However, the classic Young’s
equation, Wenzel model, and Cassie–Baxter model ana-
lyze wetting phenomena from macro and micro perspect-
ives, making it necessary to develop new hypotheses
at extreme scales (molecular or even atomic) to break
through barriers in this field. However, although some
wetting models have been proposed to explain the static
wetting behavior, revealing the dynamic wetting behaviors
of droplets on material surfaces remains difficult. In this
regard, using advanced methods such as numerical sim-
ulations to accurately predict the impacts of structures on
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dynamic wettability serves as an indispensable strategy for
future research.

(2) The mechanisms of special wettability in nature require
further research for designing bio-inspired MAA mater-
ials that can be used in engineering systems. Therefore,
advanced characterization and testing techniques must be
developed to reveal a deeper understanding of nature. In
addition, nature still contains many mysteries that can
be explored, which may offer design principles for new
MAAMs-SW.

(3) Bio-inspired MAAMs-SW have shown good functional-
ity, however, fabrication strategies for these materials still
need to be improved, as some methods remain limited to
basic research in the laboratory and are difficult to indus-
trialize. Simple, efficient, low-cost, and green technolo-
gies that can fabricate large-area bio-inspired materials
with MAAs using a scalable approach are essential for
industrialization. Moreover, many strategies can fabric-
ate complex MAAs with only a limited degree or aspect.
Therefore, future studies on the fabrication of bio-inspired
MAAMs-SW will likely consist of composite methods
(selective combinations of different methods) and multi-
dimensional (4D or 5D printing) fabrication.

(4) Poor physical and chemical durability severely limits the
practical application of bio-inspired MAAMs-SW. Many
surfaces tend to lose their functionality with repeated use
or exposure to harsh environments. Although some stable
bio-inspired MAAMs-SW have been developed by regu-
lating the surface chemistry or designing the surface mor-
phology, there is an unmet need to obtain more durable
MAAs. Many technologies, such as 3D printing, lasers,
and WEDM, will cause substantial thermal damage to
materials during the fabrication process, and in complex
environments, such as friction and wear, tensile stress,
and corrosion environments, this damage will be ampli-
fied, seriously affecting the durability of these materials.
Therefore, more advanced or optimized technology must
be proposed to fabricate bio-inspired MAAMs-SW. In
addition, intelligent repairability is a highly desirable char-
acteristic for MAAs, but will be very difficult to achieve.

(5) Regarding functional applications, most current work has
focused on the fabrication of MAAs with a single func-
tion, which cannot meet the demands of many prac-
tical applications. Bio-inspired materials with multifunc-
tion integration have attracted considerable attention. For
example, integrating anti-icing performance into mater-
ials with water collection or drag reduction functions
can achieve the functional requirements of these mater-
ials in low-temperature environments. Manipulating the
behavior of small droplets through external fields can sig-
nificantly improve the performance of materials during
the process of water collection or oil–water separation.
Therefore, developing bio-inspired MAA materials with
multiple functions serves as an inevitable trend for the
future.

Overall, bio-inspired MAAMs-SW stand as promising and
advanced materials to address the growing global energy

and environmental crises. These materials can be obtained
by understanding natural structures and replicating them
in engineering applications using various technologies. The
ongoing pursuit of continuous exploration of the theory,
design, fabrication, and collaboration of various disciplines,
ever-increasing, novel, bio-inspired MAAMs-SW will likely
emerge. We hope that this review can provide guidance for
promoting the development of bio-inspired MAAMs-SW.
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